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BasinScale Nheral and Fluid Processesaa®latform Mrgin,

Lower Carboniferoyt/K

Catherine Jane Breislin, Degree of Doctor of Philosophy (PhD), University of Manchester, 2018

Late diageneticallt-controlled dolomitisation has received much interest as it is an important host
for MVT-mineralisation and hydrocarbonand an excellent proxy for fluid flow and reaction in
carbonate systemd.he source of fluids of sufficient volume and the correct chemistry to exipéain
volume of dolostonés much debated. Recent work has shown Beawater convection along deep
seated crustal lineaments is focusedzones of structural complexity Since dolomitisation is
favoured where there ia precursor high magnesium calcite or dolostahes possible that such a
process is a critical preaar to the formation ofhese late diagenetic dolostongem evolved brines
during extension and transpressiom the Pennine Basin and North Wales, lake diagenetic
fault/fracture controlleddolostonesdeveloped on the margins of Mississippian cadterplatforms

that grew on the rotated footwalls of normal faults and a basement of Lower Palaeozoic
metasediments Conceptual models for their formation focus on expulsion of fluids from
SerphukoviaBashkirian sediments within adjacent hanging wall baby compactional dewatering

or rupture of overpressured compartments and seismic pumping. This project aims to determine the
source, composition and drive mechanism of fluids that formed a large (960lonstratabound
dolostore body exposed within th¥iséansediments on the southern margin of the Derbyshire
Platform, through a combined regional sedimentological, diageaptcstructural framework using
multiscale, interdisciplinary technigues. Techniques include field observation, transmitted ligtt and
analysis,bulk major and trace element analysis including rare earth elements, stable isotope
(oxygen/carbon), and strontium isotope &sis. The Dbyshire Platformunderwent burial, several
episodes of fluidlow, and multiple phases of diagenetic overprinting. The products of fluid circulation
in this area consist of dolomitisation and Mississippi glifey (MVT) mineralisation, affecting the

caibonates of the Lower Carboniferoddqéan succession.

Dolomitisation on the Derbyshire Platform is aligned to elssgied basement faults and extrusive,
intraformationalvolcanic beds, and five dolosmphases have been identified. These are present as
matrix replacive and cement phases that are spatially and temporally related to deep seated
structural lineaments. It is proposed that stratabound, early-pfistolomitisation resulted from the
geothermal convection of a mixed meteeswawater thatnteracted with the Viséan extrusive and
intrusive volcanics on the Derbyshire Platform, providing additional magnesium for dolomitisation.

This previougl undescribed model of dolomitigon is key to explaining the anomalously large
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guantity of dolomitiation observed on the Derbyshire Platform and has implications to other

catbonate platforms where dolomitision is interpreted as fauttontrolled.

Subsequent phases of dolomitisation are faohtrolled, with each phase becoming increasingly
confined tofractures.Timing of dolomitiation is interpreted to be a Carboniferous event, with later
mineralisation also being of late Carboniferous in age, with blasivatering on to the platform via
faults/fracture systems and the development of pockets of memsuring. lllitesmectite clay
transformations within Viséanasinal sedimentprovided the necessary magmnas requiredwithin

select fault/fracture systems. Consequently, burial calcite cements and MVT mineralisation was
precipitated within fracturesrad dissolutiorenharced secondary porosity, with fluiderived from

the overlying Namurian succession which also acted as the seal.

This project provides a stghange in our ability to predict the location tH#te diagenetic
fault/fracture controlled dolomitisation in rift basins by demonstrating the importance of
dolomitisation by mixed meteorseawater on platform margins to the localisation of @isgenetic
dolostone bodies. It also highlights the complex interplay between basin kinematics, rbokt
permeability and timing of fluid supply through episodic fault reactivation, connecting platforms to
basin compartments, which ultimately controlled the positioningaddstonegeobodies on platform
margins.This has implications to the exploratiohboth minerals and hydrocarbon withdiolostone

hosts, and will inform studies of fluid transfer and readtiocarbonatesystems.
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Chapter 1 Introduction

1.1 Introduction

Faultcontrolled dolomitisatiorhas been well studied (e.g. Davies and Smith, 2006) and has been
described in various localities in the Pennine Basin and North V&deghrpe, 1987Hollis and
Walkden, 2012Juerges 2013 Carbonate sedimentation on the Derbyshire Platform was estad|

in a baclkarc extensional regime in the Lower Carboniferous (Mississippian). In theaSk thee
platform, 50knd of Lower Carboniferousv/iséan limestones have been dolomitized, forming two
major bodies and has an apparent association with ntageement lineaments and volcanicsThe

onset of compressional tectonics associated with the Variscan Orogeny resulted in multiple phases of
fault/fracture controlled calcite cementation and -BbFBa mineralization (Hollis and Walkden,
2002). There is umctainty as to the timing oflolomitisation; however it is know to predate
mineralisation. Rdher uncertainty lies in why the dolomitisation is localisethe southern platform
margin and it is not clear why it is where it is. Modelling by Frazar (@014) calculated the volume

of fluid that could have been supplied to the Derbyshire Platform in response to the release of this
overpressure. If there was geothermal convection prior to and during early burial, this could have
focused the position ahe dolcstonebodies. A further question to answer would be was there then
overprinting by compactionally driven fluids prior to mineralisation? However the mass balance
calculation shows that therés insufficient Mg within the dsins to precipitate the olume of
dolostoneon the platform, even though the fluid volume could have been supplied by compactionally

driven flow. To further test this model, geological evidence needs to be put in place.

The starting hypothesis for this thesis is that the sowoicte fluids resposible for dolomitisation
were tasinal brines carrying hydrocarboasd mineralizing fluids derived from the subsiding
Widmerpool BasinFfazeret al.,2012 Hollis and Walkden, 2013). It is also possible ttnatflux of
basinal brinesvas preceded by partial dolomitisation of the Derbyshire Platform by geothermal

convection of seawater (Fraser, 2014).

Demonstration of a feedback mechanism between these processes has the potential to inform
arguments that favour mass fluid transfer itgr burial diagenesis. Rybof mass fluid flux from the
basin to the platform has implications to exploration and production of conventional and

unconventional oil and gas reserves, and models of mineralisation.
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New insights provided into the proces$gswhich fault/fracture controlled dolomitisation took place
prior to mineralisation will have wide applicability to hydrocarbon and mineral exploration in

platforms that have undergone hydrothermal dolomitisation.

1.1 Aims and Objectives

The aim of the pro is to assess the processes governing the location and style of dolomitisation
the Derbyshire PlatformIn particular, it will consider fluid@wce andcontrols on the localisation of

dolomitisation.

In order to achieve these aimgchniques emplad in this study include:

1 Undertake field mappingo map the distribution of doktone including the dolstone
limestone trasition

9 Coreloggingof boreholes on the Derbyshire Platform and Widmerpool Basituding300m
of newborehole material from Carsington Pastures

1 Combined petrographical analysis (thin se®iaathodduminesencgon samples collected
from both the field and core to establighe style of dolomitisation and the number of
apparent dolomitising events (igaragenetic history)

1 Low temperature geochemistry {4y diffraction, Xay fluorescence, stable isotopes,
strontium isotope analysis, fluid inclusion analysis) on samples collected from both the field
and core to establistthe relative timing and temperatures of fluid flow resulting in
dolomitisation and associated dissolution and mineralisation-@eesfluorite-baryte, calcite

and silica).

1.2 Thesis structure

This thesis is presented as primarily journal papers with lomptary chapters.Journalstyle
chapters are intended to be seibntained, with their own introductions, literature reviews, methods,
results and discussiori3ue to the nature of the thesis some repetition is unavoidable. Where papers
are presented wit multiple authors it should be clarified that | was responsible for the bulk of the
data colection, processing and writinghd coauthorsprimarilycontributed through field assistance,
data collection supervisory guidancand editorial reiew. The folowing paragraphs detail the

structure of the thesis:
Part One: Introductory Materials

Chapter2: Literature ReviewThis includes published data for the UK but more specifically the North

Wale, Derbyshire and Askrigg Platforms discussed in this study.
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Chapter 3: Methodology - This contains an overview of the methodologies and techniques used

throughout this study, including fieldwork, petrographic, petrophysical and geochemical techniques.

Part Two: Original Contributions

Chapter 4A New Model of Dolomitization: Providing an Answer to Mg Deficits within Rift Settings
presents field, petrographic, geochemical and isotopic analysis of the early formed phase of
dolomitisation on the Derbyshire Platform, as well as integrating PHRE&IR(S. This chapter
describes a new method of dolomitisation and provides an insight into the role of volcanism on early

dolomitisation in rift settings.

Chapter 5 Controls on the Localsen of Fault/Fracture Controlledolomitizaion - presents
multiscale field, petrographic, geochemical @&utopic analysis of the dolos®ifrom thesouthern
margin of the DerbyshirBlatform. This chapter characterise® thurial phases of dolostorand
further constrains the paragenesis. In addition, the geochemical and isotopic analyses provide

important information regarding the composition and source of thesflegponsible.

Chapter 6 Geochemical Variations in Footwall and Hanging Wall maisige; presents core
petrographic, geochemical arsbtopic analysis of the doloswiirom theWidmerpool Basin. This
chapter presents a combined analysis and reconstruction of the diagenetic fluid flow between the
Widmerpool Basin and Derbyshire Platfoand subsequent impact on fluid compositibime data

also provides important information on fluid flow and ffloev pathways.

Part Three: Synthesis and Conclusions

Chapter 7 Synthesis and Conclusionseconstructing the burial diagenetic historyttoé Derbyshire
Platform draws together the data presented within the previous chapters. A schematic model of fluid
migration and timing on the Derbyshire Platfaamd Widmerpool Basiis presented and discussed
within an updateddiageneticframework. Finlly, the wider implications and recommendations for

further work are discussed.
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Chapter 2L iterature Review
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Chapter 2: Literature Review

2.1 Introduction

The EasMidlands Platform developed upon a stable tectonic blockoanded byrapidly subsiding

basins (Fraser & Gawthorpe, 2003); Edale Basin and Gainsborough Trough to the north, with the
Widmerpool Basin and Staffordshire Basin to the south and west sides neslpd€lig.2.1) Co
development of thesedsins is interpreted asvdtal component of the diagenetic history within the
Derbyshire East Midlands Platform carbonat®alkden &Williams 1991; Ford & Quirk, 1995; Hollis

& Walkden, 1996 & 2@). This diagenetic history of the platform progressed through four major
mineral cenenting phases (to be detailed in following chapters) as well as a complex hydrocarbon
migration which developed as the platform transitioned from meteoric to burial diagenesis (Hollis,
2002).
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The East Midland Platform is composed of a thick succession of shallow marine carbonates varying in
thickness from 500900m, forming the westernmost expression of the platform outcrop within the
Derbyshire Peakistri¢ (Fraser & Gawthorpe, 2003 his succession is extensive, underlying much of
eastern England, from Buxton in the west, Skegness in ste &l offshore into the North Sea
(Walkden & Williams, 199{fig.2.1) On the Derbyshire Platform there are two major occurrences of
dolostone Holkerian (33837.5Ma), Woo Dale dadtones in the North of the Platform and Asbian
Brigantian (337826 Mg dolastones of the southern Derbyshire Platform (Schofield & Adams 1986).
Despite the AsbiaBrigantian dolstones covering an area of approximately 56kiiterature on their
characteristics and formation gparse. This review will focus on platform elegment and the

paragenetic history of the platform so far reviewed.

2.1.1 Carboniferous Paleogeography

During the Dinantian, regional extension formed the major control onifsygedimentation within

the Pennine Basin, with pexisting Caledonian trending 1$&/, SWWNE faults reactivated during
backarc extension and the subduction of the Rheic OcearsdF& Gawthorpe, 2003). Extension
waned during the Namurian, leading to pafit sag subsidence (Leeder, 1988), amtlation of the
Variscan orogenic compression in the Late Carboniferous. Theavia@sogeny ultimately invoked
basininversion by reacotation of NWSE trending faults with a component of stidli@ (Fraser &
Gawthorpe, 2003). The resulting product of tectonic activity followed by the regional thermal sag
resulted in a disjointd sedimentation history of thedsin (Gawthorpe, 1986, 1982awthorpeet al.,

1989).

During the Dinantian in the Pennine Basin, carbonate platform development occurred on a footwall
block of Lower Palaeozoic basement (Fraser & Gawthorpe, 2003urfbending rapidly subsiding
basins accumulated thick, syift sequences of deep marine shales and thin limestone, later
progressing to shales and sands towards the Namurian. The greai@studation of lasinal deposits
occurred against major bounding faults, producing the wedge shaped geometry of tectonically
controled deposits (Ebdon, 1990; Fraser & Gawthorpe, 2003). During periods of tectonic quiescence

clastic input to the system was reduced resulting in increased carbonate production.
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2.2 The Derbyshire Platform: TecteBiatigraphic Evolution

2.2.1 TectoneSratigraphic Framework

The sequence stratigraphic framework for the Carboniferous of the Pennine Basin was developed by
Ebdon (1990)and Fraser and Gawthorpe (2003ach individual unit describes the range of
sedimentation within the specified chronostratigraphic framework, related to eustatic cycles. The end
of the EC units was marked by a minasin inversion event. Subsequent sedimentation within the
LC1 and LQO2nits was predominantly controlled by thermal sag after regional extension and related
volcanism had ceased (Ebdon, 1990; Fraser & Gawthorpe, 2003).

2.2.2 PreCarboniferous

The Caledonian Orogeny provided the base structural framework for the PensingLBader 1987;

Bott 1976; Soper et al. 1987; Coward, Frazser & Gawthorpe, 1990). During the Caledonian Orogeny a
three plate configuration (Andre et al. 1986; Soper & Hutton 1984; Pharoah 683). l#d to the
Midlands Micrecraton forming a northwarglmoving indentor that collided with Laurentia during the

early Palaeozoid-(aser & Gawthorpe 2003alfgraben precursors of the NorthumberlaSdlway,
Stainmore, Bowland, Cleveland, Edale, Gainsborogh and Widmerpool Basins were formed by rifting
duringthe late Devonian (Frasnidiammenian) when {8 extension acted along a series of-SEB/

and NESW trending faults (Frazser & Gawthorpe, 1990). Pulsed rifting continued in northern England

into the early Brigantian (Fraser et al. 1990).

2.2.3 Carboniferous

Ramsbottom (1973) recognized cyclicity within the Lower Carboniferous, which was used to form the
stratigraphic framework of the Derbyshire Platfoffing.2.2) Within the Dinantian of the Derbyshire
Platform, six eustatic cycles are recognized basedastrétigraphy and seismic character. $neel
changes were tectonically controlled by phases of Haackrifting (Bott & Johnson, 196and
Gawthorpeet al.,1989, however its timing is hard to constrain (Eb@oral.,1990). Four main syn

rift sedimentdion phases were identified by Gawthorpe et al 148§.2.2)
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(1) Late Devonian/ Early Courceyan,

(2) Late Chadian/ Early Arundian,

(3) Mid-Late Asbian and
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(4) Brigantian (Ebdon et &9d0).
Between these extensional phases, tegion was tectonically quiescent.

EC1

Late Devonian to Courceyan (3B30Ma) (Fig.2.2) EQ is composed predominantly ofaginal
sediments that overlie Precambrian basemdfrager & Gawthorpe 20Q3)nit thickness increases
towards major bounding faultsndicating the onset of extensional faulting. Lithologreduded
conglomeritic sandstone, interpreted to be an alluvial fan deposit. (Fraser and Gawthorpe (2003). The
top of EC1 represents a marine transgression, with EC2 deposits of onlapped méximatear
interpreted as sedevel highstand. Evidence for thise the eraporite deposits, recording a restricted

environment during late EGEraser & Gawthorpe 2003).

EC2

Late Courceyan to Chadian (350 to 341 (#&).2.2) EC2 forms the oldest carbonaequence of the

East Midands Platform and surroundingadins (Strank, 1987). The unit is composed of shelf
limestones in the lower unit (Llewellin & Stabbins 1970) and carbonate grainstones in the upper unit.
The upper unit represents a shelf margin segft{Ebdon, 1990). Unit thicknesses is roughly constant
across major fault boundaries, and therefore EC2 is seen as a period of tectonic quiescence.
Waulsortian mud mounds, dated as Courceyan (Bridges & Chapman, 1988) are developed to the
southwest of theDerbyshire carbonate platform. Since these mounds are interpreted to be deeper
water, this is perhaps the first indication of ramp to shelf evolufiwaser & Gawthorpe 2003)he
depositional environment for EC2 is interpreted as an aggrading to progreaiibonate ramypo-

rimmed shelf system, representing a period of relativeleeal standstill to regression (Ebdon, 1990).

EC3
Late Chadiarundian (341 to 339Ma) to Holkerian (339 To 337.5(M@g)2.2) EC3 is composed of a

series of calcareous, camaceous, pyritic, dark grey mudstones, thinly interbedded with grey
dolomitic limestones (Fraser & Gawthorpe, 2003) demonstrating broad lithological homogeneity
(Ebdon, 1990; Fraser & Gawthorpe, 2003). During the E3, a sea level maxima is evidenced by an

Arundianaged, shale horizon which drapes shelf limestone (Ebdon, 1990; Fraser & Gawthorpe, 2003).

EC4

Late Holkerian to miédsbian (337.5 to 333MdJig.2.2)was a period of tectonic quiescence, and
relative sedevel fall or standstill. High amplitudeismic reflectors and downlapping surfaces suggest
increased sediment supply to the Widmerpool Béisiaser & Gawthorpe 20Q3Jhese structures are
interpreted as prograding shelf margin deposits (Ebdon, 1990; Fraser & Gawthorpe, 2003). This is
consistentwith highstand sheddg and/or platform progradatio(Ebdon, 1990; Fraser & Gawthorpe,
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2003). Shelf limestones are identified on the Derbyshire Platform (Fraser & Gawthorpe, 2003) and
marginal deposits of Asbian age outcrop at Castleton on the northergirmaf the Derbyshire

Platform.

EC5

Late Asbiarearly Brigantian (333 to 330M#yig.2.2yepresents a period of extension (Gawthorpe,
1986; 1987), evidence bwnit thickenirg towards lsinbounding faults. Extrusive volcanics;
principally basaltic lavas, were erupted across large areas of the Derbyshire Platform during this
period of extension (Macdonakt al.,1984), which coincided with periods of platform emergence
and larstification Walkden, 1977Gutteridge, 198)

EC5 hgnal deposits are composed of predominantly calcareous muds and thin dolomitic limestones
(borehole evidencdrom Fraser & Gawthorpe 20Q)3whilst outcrop on the Derbyshire platform
presents shallow marine shelf limestones. Carbonate production on platiwas likely limited due

to their emergence or inundation of muds during the Asiddgantian boundary (Ebdon, 1990;
Fraser & Gawthorpe, 2003). Sedimentation within the Widmerpool Basin is thought to have initially
beenderived from slumps and slideadnwards from the Derbyshire platform and Hathern Shelf (to

the south).

EC6
Early to mieBrigantian (330 to 328Md}Jig.2.2) EC6 is composed of a series of thinly bedded, dark

grey, calcareous mudstones and brown dolomitic muddy limestones withiWith@erpool Basin
(Ebdon, 1991 On the Derbyshire Platform, sea level rise meant that carbonate production-was re
established forming shelf carbonates, with grainstone margins. Progradation of this marginal
grainstone facies is identified by downlappinguares on seismic data. Volcanic activity was
concentrated around the Cinderhill Fault, producing ldsasf which extend out into theasin
(Ebdon, 1990; Fraser & Gawthorpe, 2003).

LC1

Late Brigantian/Early Namurian to the Early Westphalian A, (33%8/a)(Fig.2.2)narks a period of
waning extension and the onset of thermal sag subsidence across the Pennin&iBdmin {990

The lower LC1 is composed of shelf platform carbonates which continued to accumulate over most of
the East Midlands and DOmshire Platforms. Within the Vdfnerpool Basin, dark grey, pyritic,
carbonaceous muds and thin turbiditic sands accumulated (Fraser & Gawthorpe, 2003). This is the
first evidence of distal deposits of advancing delta systems. By this time, similar degabsiteady

filled accommodation spade basins further to the north (Leeder, 1988; Fraser, 1990). In upper LC1,
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older deposits were onlapped by interbedded sandstones and grey mudstones that form shallowing
upwards cycles of a lower delta plain. Sandstbecame more dominant in these cycles towards the

top of LCHs the deltaic system advancédgser & Gawthorpe, 2003

A minor lasin inversion event is thought to have occurred during the LC1 stage due to offset of LC1
deposits on the Hoton fault, witinversion concentrated alorgfNNW-SSE fault trend (Ebdon, 1990;
Fraser & Gawthorpe, 2003). This inversion did not have a strong effect on regional deposition, but
resulted in he formation of an intrahelf kasin, hosting sub wassase carbonate depositio on the

Derbyshire Platform (Gutteridge, 1987).

LC2

Early Westphalian A to late Westphalian C (315 to 306.5WMig)2.2) LC2 units consist of
interbedded, carbonaceous mudstones, siltstones, sandstones and coal seamthitub#sinward

due to limited accommodation space and increased erosion at the top of an invesiaiad
anticline. These units show an environmental change from lower delta plain deposits, (LC1) to an

upper delta plain system. Periodic tectonic and igneous activity ceases wilstatie.

Carboniferous Igneous Activity

Igneous activity during the Carboniferous was widespread across the UK from the early Dinantian to
the late Westphalian. On the Derbyshire Platform, extrusive volcanism was dominant in the Dinantian
(345325Ma) befoe changing to a more intrusive nature in the Namurian {8@Va) (Macdonald

et al,1984). This is summarised ig E3 by Kirton (1984)
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Dinantian volcanism on the Derbyshire Platform was focused at three major volcanic centres, at
Speedwell, Grangemill and Calton Hill (Macdoptll.,Mmcpy n 0 @ al Gt 201 FyR aAff S|
the main volcanic successions on the Derbyshire Platformpased of 30 distinct lava and tuff

horizons, estimated to cover an area of 450Kuacdonaldet al.,1984) and dated as 36280Ma.

These lavas were predominantly basaltic to doleritic (Kirton, 1888)composition on which is

consistent lasin extensior{Bruce 1989). Effusive eruptions are thought to have taken place along
fissureghat exploited preexisting crustal weaknesses to reach the surface, with crustal thinning lead

to decompressive melting and magma emplacement high in the crust (L.€$&;Bruce, 1989

Cope, 1997; Wylie, 1988

There has been difficulty in constraining the timing of emplacement of lavas as argon has been
remobilised by palaebydrological systems, leading to anomalously young dates ugingldéting
methods (Mitchell anchkeson 1981). Timing therefore relies upon stratigraphic constraints, applicable
only to extrusive volcanic events. Walkden (1977) suggests a stratigraphic association of
karstic/erosive surfaces within Dinantian Limestones of the Derbyshire Platformnghtéeatipulses

of regional extensional that led to a local, relative-lsgal drop and carbonate exposure, also

triggered a period of volcanism.

2.2.4 Variscan Orogeny

Towards the end of the Carboniferous, the tectonic regime, became one of regoomatession.

This led to largscale thrust and nappe emplacement in northern France, southern Belgium and
southern England with corresponding crustal shortening on a regional scale (Fraser & Gawthorpe
1990. The Variscan Orogeny led tashinversion byreactivation of NWSE trending Caledonian

fault systems with a component of strikkp EFraser & Gawthorpe, 20R3lt is this reactivation of

major fault systemshat is thought to have drivenasin dewatering and Phn~Ba mineralisation

within carbonaé platforms across the North of England, Ireland and Belgium (Netlsdn1998;
Wrightet al.,2000; Hollis and Walkden, 2002; Swennen 2003).

2.3 Derbyshire Platform Diagenesis

The Derbyshire Platform displays a complex diagenetic history, recordeid tie Dinantian
succession, from marine and meteoric cementation to abatéal mineralization event (Walkden &
Williams, 1991). Four major phases of calcite cementation (ZeAgfdve been identified, which
precipitated within carbonate pore spacesd fractures; Zones 1 and 2 are the result of meteoric
diagenesis, while Zones 3 and 4 display evidence of formation during burial diagenesis (Walkden and

Williams, 1991).
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Further subdivision of these phases was undertaken by Hollis (1998) and Hodllkd&nN1996 &
2002), resulting in greater detail of burial diagenesis. These cement phases are reviewed below in the

paragenetic sequence.

2.3.1 Marine/Meteoric Diagenesis

PreZone 1: Meteoric

Composed of a brown, inclusions ridalcite, this cementontains low Mg and no Fe and is
considered to be meteoric in origincharacterised by beingnonluminescent under
cathodoluminesence (referred to hereafter as QWalkden and Williams, 1991). Common
occurrences within the Asbain include small dissolutiavities beneath palaeokarstic surfaces or
within calcretes, whilst in the Brigantian, it is often confined to shelter porosity and dissolution
cavities within mudanounds at the platforamargin (Walkden and Williams, 1991). It is also found

associated witin geopetal accumulations of clay minerals or calcite silt.

Zone 1: Shallow meteoric

Occurring almost exclusively as syntaxial overgrowths of echinoderm fragments, this cement
demonstrates strong substraselectivity and is interpreted to represent a b meteoric system.
Postdating early dissolution, they may occupy up to 25% of available porosity in Asbian strata, but
much less in Brigantian strata (Walkden and Williams, 1994 cement is composed predominantly

of non-CLcalcite, but contains subones of brighClLcalcite (Hollis & Walkden, 1996 & 2002). The
subzones are geochemically similar to Pome 1 cements and are thought to have precipitated
during phases of platform emergence, during the development of a meteoric phreatic lens (Walkden
and Williams, 1991).The cements contain more than twice the concentration of Mg and Fe and four
times the concentration of Mn as Pr®ne 1 cements and are thought to represent periods of slow
calcite growth during platform submergence, when this meteoirculation system was inactive
(Walkden and Williams, 1991).

Zone 2: Deep Meteoric

Volumetrically insignificant this cement is composed of calcite and has a similar chemistry to zone 1
luminescent subzonebut appearing bright under Ciherefore is inérpreted to represent a period

of slow mineral growth (Walkden and Williams, 1991). This phase is thought to represents burial to a

depth beyond the neasurface, meteoricirculation of oxygenated, cemehearing fluids.
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2.3.2 Burial Diagenesis

Zone 3Meteoric

Composed of dutbrown ClLcement with indistinct subzones, this cement is 4sabstrateselective

and forms the most volumetrically dominant cement phase, occluding up to 70% of Asbian porosity in
Asbian sediments and up to 100%pofosity inBrigantian sediments (Walkden and Williams, 1991).
This cement phase is interpreted to have precipitated from groundwater, driven westwards from an
exposed highland to the east (Walkden and Williams, 1991). Geochemistry indicates low levels of Mn
and Fe, Wile up to a fivefold increase in Mg is seen from start to end of the cement pldshis &
Walkden, 1996 & 2002).

Zone 4: Deep burial diagenesis

Brightyellow CL, inclusionfree, low Mg, ferroan calcite Zone 4 calcite occurs primary and secondary
pore spaces and occurs along stylolites, microfractures and intercrystalline boundaries, with the latter
implies high fluid pressure (Walkden and Williams, 1991). This phase is interpreted to represent the
deepest phase of burial diagenesis and uplift durergivan inversion. Cement is seen kgsswing

with fluorite, galena, barite and hydrocarbon, suggesting contemporaneous occurrence with phases
of ore mineralisation and hydrocarbon emplacement (Walkden and Williams, 1991). Geochemistry
shows that theseements contain the highest concentrations of Fe and Mn, and moderate to high Fe
concentrations. Since Zone 3 cements occluded much of the matrix porosity, these cements were

principally transported and precipitated along fractures.
Hollis & Walkden (2002istinguished six calcite cementation zones as subdivisions of Zones 3 and 4.

Zone 3A4D cements most commonly occur as vein cements within fault zones and fracture systems
on predominantly extensional NBAV and NWSE trends. These cements are commarigscut by
stylolites, suggesting that pressure dissolution proceeded throughout burial cementation (Hollis &
Walkden, 1996 & 2002). Fluorite and baryte intergrowths occur in zones4®B they are also
associated with liquid hydrocarbon and solid bieumteposits with abundant hydrocarbon inclusions
(Hollis & Walkden, 1996 & 2002). From zone 3C onwards intergrowths of ore minerals galena and
sphalerite occur. Fluid inclusion homogenisation temperatures can be seen to generally increase
through the cemets succession to a maximum of 176°C in Zone 4B (Hollis & Walkden, 1996 & 2002).
The lowest homogenisation temperatures measured occurred at the platform centre, with highest
temperatures measured at marginal locations as well as a wider range in temeerétialis &
Walkden, 1996 & 2002). No such systematic pattern is identified within stable isotopes through time,
K2gS@OSNI 1KSe @I NB &Ll (®mh ffyd&defbsitéd i Zon& 3B cefreritsion R S LI ¢
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the platform and western margin. The mosiNekh O Kl R | 3R vaKies occur in the Zone 4A of

the southern margin and the Zone 3B of the platform centre (Hollis & Walkden, 1996 & 2002).

All cement stages are summarisedaile 2.1.

3A 3B 4A 4B 4C 4D

Proceeds Pressure S P i -
T A Cross-cut by stylolites, indicating concurrent pressure dissolution.
Found In extensional vein E R .
s Found within oblique- Most commonly found in
Feund within extansional vein systems. systams and cblique-offset : ; i
5 offset vein systems. sub-micrometer veinlats.
wein systems.,
Uncomman intergrowth Contal ; Post-dates dissolution of
with fluarite indicates Fluerite. Baryte and Sphalerite are increasingly 2 amsh—m;xlm:{m limestone and cement by
beginning of intergrown with successive cement phases. e acidic or undersaturated
5 e mineralising elemants. -
mmineralisation. fluids.
Precipitate as columnar crystals on vein walls, Precipitate as sparry vein fill.
Hydrocarbon migration active. Hydrocarbon maturity increases with successive cement phases. Cross-cuts (postdates)
selid hydrecarbon
Recognised as pore filling cements In syntaxial overgrowth sequences. deposits

Common precipitation in shefter porosity of barachiopods.

LATE CARBONIFEROLIS PERMIAN

PROGRESSIVE BURIAL MAXIMUM BURIAL UPLIFT

Table 2.1Summary of diagenetic cements from Hollis & WalR@éa.

Dolomitisation of the Derbyshire Platform

Woo Dale Dolstones

The Woo Dale Dadtones occur in the lower part of the Woo Dale Limestone Formation and are
laterally restricted (< 5 kan outcropping exclusively within the Wye ValleigiiriSchofield & Adams,
1986) (k92.5.1). These dadtones are divided into dolomitised limestone (containing unaltered

matrix/allochems) and dolostones (Schofield & Adams, 1986).
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The dolomitised limestones occur as laterally continuous beds and irregulacuttoss dolstone

bodies. These may transition to dolostones either abruptly at bedding planes or gradationally, as
dolomite rhombs coalesce into mosaics (Schofield & Adams, 1986). The dolomitised limestones
display predominantly nofabric selective replacement by buffloured dolomite crystals within a

dark limestone matrix. Within these limestones there is some evidence of fabric selective
replacement, visible within peritidal facies of the Topley Pike member, where geopetal sediments or

sparry calcite fills within festrae are preferentially replaced (Schofield & Adams, 1986).

The dolostones form stratiform bodies within the Vincent House Member (Schofield & Adams, 1986)
occurring in an alternating sequence with unaltered and dolomitised limestones of wide textural
variation, all of which are fully cemented. Dolostone beds vary in structure from massive, rubbly or
finely bedded, though internal sedimentary structures and fossils are absent (Schofield & Adams,
1986). Where usweathered, they consist of tigimterlockirg dolomite crystals of <0.5mm. Where
weathered, they are friable and many dolostones also show evidence of dedolomitisation. Correlation
was conducted with a nearby borehole, indicating that dolostones also become more abundant with
depth (Schofield & Adasn1986).

Early models suggested penecontemporaneous dolomitisation (Ford, 1977) related to deposition
within a hypersaline lagoon (Llewelyn & Stabbins, 1970). A later interpretation by Schofield & Adams
(1986) suggests a twatage, twefluid-chemistry ddomitisation model: Stage 1 dehkones
precipitated from fluids poor inan and manganese, sourced fromasinal shales bounding the

Derbyshire Platform. The fluittive proposed is derived fromabinaishale compaction, supported by
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the outcrop location ear to the platform margin. Stage two occurs by interaction with fluids enriched
with iron and manganese, suggesting a different fluid source or an evagadfluid. Volcanic rock
interaction may have also enriched these elements. No unique drivioisf suggested for this

second dolomitisation stag&chofield & Adams, 1986)

Southern Platform Margin Dolostone

AsbianBrigantian dalstones on the southern margin of the Derbyshire Platform outcrop over a
greater area than that of the Woo Dale atbnes (approximately 50kf) with a roughly NVEE
elongated form. Outcrop patterns tend to follow the lineation trend of the CroniBtorsall fault,
suggestive of a close association with volcanics along the faultline. ThreeBkifaatian dolstone
outcrop-bodies are shown by Schofield and Adams (1986), the two largest bodies run roughly
northwest and west from Winster and Brassington respectively. Edges atah@dodies are
irregular and are usually gradational with the maximum known depth of thiatobeing 128m
below the surface (Ford & King, 1965). Within the-Bme limestones the degree of dolomitisation is
seen to be variable, with pervasive, fabric destructive slole common, however in some areas,
relict structures of moulds of rudite ooid, brachiopod or coral debris are preserved (Cox & Harrison,
1980). The Monsal Dale limestones are extensively dolomitised, producing a range of carbonate

textures similar to those seen in the Bee Low limestones.

2.3.3 Models of Burial Diagenesis

Holls & Walkden (2002) constructed conceptual models of fluid flow using data from the detailed
examination of Zones 3A 4D (kg. 2.3.1). The Zone 3 early burial cements are thought to precipitate
under stable, longerm circulation of meteoric fluids (Walkden and Williams, 1991). This is supported
08 GKSANI £2g (NI OS SOSGNShY dullCOPhy ZdBeyA alidtsihdve a/ndote 2 &
complex paragenesis. Geochemical and isotopic data vary both spatially and temporally, suggesting
the Derbyshire Platform hosted multiple fluids of different temperatures and chemistries (Hollis &
Walkden, 2002). This is attributed to threlease of flids trapped in overpressured,asiral
sediments. Numerousasins surrounded the DerbyshiPlatform, each with its owrabin evolution.

These would produce different fluids and release them onto the platform through bounding faults at
times of fault activation, releasing the necessary ions for ore mineralisation (Ford, 2001; Hollis &
Walkden, 2002). Fluid expulsion is thought to have la¢enaximaduring the Variscan Orogeny due

to the large scale reactivation of Caledonian basement faiditsee 4A4D cements are interpreted as

a product of minerabearing, lasinaffluid release along fracture systems affected by this large scale

tectonism.
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Fig 231/ 2y OS LJi 4vi2f6 IKdeAiK 2 NB -calBitézN@&mérlatiord dnBralifation, and
hydracarbon emplacement on the Derbyshire Platform. Image from Holls & Walkden 2002

Hollis and Walkden (2002) constructed a conceptual model of compactional fluid flow as a result of
overpressure release. Frazer (2014) showed that this model was viablefluginfiow models:

Reactive transport modelling of the southern margin of the Derbyshire Platform and Widmerpool

Basin was produced using Toughreact. Results from Basin2 modelling show that overpressure within

both the Derbyshire Platform and localagins develop in response to deltaic loading in the
Westphalian. Simulations calculated the volume of fluid that could have been supplied to the
Derbyshire Platform in response to the release of this overpressure, by the activation of Variscan
faults after maximmm burial, was estimated at a total of 92 kidowever, insufficient fluids are
supplied from potentially Mgch fluid sources to explain dolomitisation in the platform. Frazer et al
(2014) suggested that Mgich fluids, expelled during compaction coirdgpact dolomitisation, but
2yte AT | ljdzisfolleh G & 8 FI tt BRISSR& RRINE & Sy dstoheyould K S

have formed by geothermal convection on the platform margin during the Lower Carboniferous.

Frazer (2014) constructed a Toughreact model that assumed continued igneous activity throughout
the period of platform developmertherebyfacilitating convectiofdriven flow of seawater onto the
platform along deegseated faults. In this model Mg wouldvieabeen sourced from seawater, and
after burial, it is speculated that igneous intrusions may have provided additional heat flux to drive
greater convective flow while the breakdown of volcanic minerals may havde@@/ minor source

of Mg (see ig 2.3.2.

Sediments
D Westphalian deltaic sediments

% Namurian shales

|:| Carbonate sediments

Diagenetic
Products

D Basement

. Vioisaiia Dolomitization

Fig 2.3.2The potential role of local igneous activity on dolomitisation in the Derbyshire Platform. A)
Volcanism on the Derbyshire Platform is fed along the same fault zone later exploited by the flow of
burial diagenetic fluids B) Ignednsusions into the area continue after burial, maintaining a higher
local heat flow that continues to drive fluid convection. Image Fr@axer et af2014).
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Frazer et al 2014 noted that spatially varying rates of fluid expdilsimrthe sedimentary suession
led to increased contributionaf fluid from Namurian shales. Thixcurred as a result of rapid fluid
expulsion and porfuid reduction in the deeper parts of thedsins. From this mechanism, it is
speculatedthat, a single asinrcompaction evoltion may deliver a sequence of diagenetic fluids.

Flowpatterns from Frazer at al 2014 models are summarised within figure 2.3.3.

Sedimants Diagenatic Products
D ‘Winstphalan dekaic sedments

E Narmurian shales m Dolomitization

u Carbonabe sediments @E (S Il inere e
D Basament

Fig 2.3.3A summary of the main patterns of diagenetic fluid flow suggested by Basin2 simuAations.
Initial fluid expudion of lasin overpressure supplies fluids detifrom the deeper part of thesin,
leading to rapid porfluid depressurisation B) Depresatia in the lower part of thedsin leads to
downward flow of fluid out of overlying shale seal. C) By thefamthulations, convection is the
primary drive for continued fluid movemteCirculation paths into theabin and within the platform
continue to exploit the open fracture system. Image from Frazer et al 2014.
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Frazer et al (2014) conducted four simwat using PyTOUAP of increasing complexity to
investigate the impact of (1) an diaulted, static platform simulation, (2) a faulted, static platform
simulation, (3) an unfaulted, growing platform simulation and (4) a faulted, growing platform
simulatian. This series of simulations reveals that a hydraulically conductive fault increases fluid flux
within and around the fault zone, and enhances flow on the platform. This increased fluaofeMg
seawater was sufficient to facilitate dolomitisation thghout the simulated platform succession,

although dolomitisation is always most inteseund the fault line (seen ing-2.3.4).

Developing Platform and Fault Development (Stage EC6)
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Fig 2.3.4Results of the faulted stratigraphic development model for dolomitisation driven by
geothermal convection withthe platform during the tectonostratigraphic stage EC6. Plots show (a)
the distribution of rock types in the platform, (b) the distribution of fluid fluxes that develop within the
platform, (c) the temperature distributions that develop within the giaitfsuccession and (d) the

final distribution of dolstore produced by the fluid flow regime in the platform. Image from Frazer et
al 2014.
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Incorporating platform growth within numerical (toughreact) models of convediiven
dolomitisation leads to anverall reduction in the quantity of datne calculated by simulations,
leading to a model that shows Wadolomitisation may occur, howeverettdistributionof dolostone

does not matchwhat is observed on the Derbyshire Platform. It is clear that whéssimulations
suggest a mechanism for fluid flux through the platform, and the resulting dolomitisation, detailed
petrographical and geochemical data is required to try and identify the paragenesis. Critical to the
focus of this study will be to try tanfl evidence for geothermal convection and/or burial
dolomitisation. Once sufficient data has been collected, future modelling could be undertaken to

incorporate these data in another project.

2.4 Mississippi Valley Type (MVT) Mineralisation

The Carbonéfrous Limestones of the Derbyshire Platform host economic quantities-aftiRPBa
mineralisation, with deposits classified as MissisalpeyType (MVT) ore deposits (Ford & Quirk,
1995). The presence of ore bodies within igneous rocks and localinedtivdavas (Walters &
Ineson, 1980) suggests the igneous bodies acted as aquicludes, as well as hosts to the mineralizing
flow system (Walters & Ineson, 198Bord 2001). Diagenesis of these volcanics has also been
suggested as a potential Mg source fioe dolomitisation process of Dinantian limestones on the
Southern margin of the Derbyshire Platform (Schofield & Adams, 1986). These are characterised by
large quantities of galena hosted within carbonate rocks. Classification of these deposits is
traditionally by their body geometry, with four major ore body types present (Ford, 2001)

summarised in the table below:

Rakes  Ore body that fills a fissure (fault/fracture) in neartical, wrencHaults.

Scrins  Minor fissure fills less than 1m wide, commardgur in swarms or split off from larger
rakes deposits.

Flats An ore body that follows negrarallel to bedding and is as wide as it is long. They are
commonly thin (~10cm) with a limited lateral extent.

Pipes Elongate bodies that follow parallel to lofdg or large cavities formed by hydrothermal
karstification. They often follow below permeability baffles such as wayboards or lav:

Table 2.4.1Body types of MVT mineralisation within the Carboniferous of the Derbyshire platform

2.4.1 Mineral Degsit Assemblages

Ore minerals within th€arboniferous Limestone consist primarily fluorite, galena, with baryte and
calcite as the major gangue phases (Ford, 2001). Also reported by Ford (2001) is an extensive suite of

secondary minerals, including; argile (lead sulphate), malachite (copper carbonate),
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rosasite/aurichalcite (coppeainc carbonate), smithsonite (zinc carbonate), hemimorphite (zinc
silicate) and hydrozincite (zinc hydroxide). Pyromorphite (lead sulphate), rare cinnabar (mercury
sulphate), greenockite (cadmium sulphate) and wulfenite (lead molybdenate) alongside trace

guantities of gold.

2.4.2 Emplacement Mechanism and Timing

Emplacement of Mississippi Valley Type deposits are the result of rock interactions with fluids
containing unusualllfigh concentrations of lead, zinc, fluorine and barium, as well as sulphur, (Ford &
Quirk, 1995). During progressive diagenesis, ions of Pb, Zn, F, and Ba are expelled from mineral
lattices producing concentrated pore fluids. Increasing temperature dimitysaf fluids may catalyse

ion release (Ford & Quirk995), and overpressuring adidinal sediments provides the drive for the

fluids to circulate into the host limestones of the Derbyshire Platform (Hollis & Walkden, 2002).

Mineralisation within a hagock requires sufficient porosity, either as intergranular porosity or open
fracture spaces. Mineralisation on the Derbyshire Platform usually occurs as veins, suggesting that
fracture networks were the principle flow pathways for reactive fluids. Ibbas estimated thaup

to 2000km of fluids would have been required to produce the quantity of mineralisation produced

(Ford & Quirk, 1995).

No radiometric dating technique has been successfully applied to mineral deposits hosted by the
Derbyshire Platfon. However, a number of relative dating constraints are possible. Mineral veins
formed within dolstone hydrothermalkarst cavities suggests mineralisation pieties both
dolomitisation and the circulation of fluids responsible for hydrothermal keasitn (Ford, 2001).

This combined with observations from Hollis and Walkden (2002) reporting increasing intergrowth of
fluorite, baryte and galena through successive burial cement phases, constraints timing of
mineralisation to near the end of their corehed paragenetic sequence. However, there is
controversy over the timing, such as apatite fission track dates with some papers favouring Mesozoic
mineralisation (Green, 1988). Seismic evidence demonstrates that the Pennine axisdesaine

high afterthe Variscan @geny, but there is still uncertainty. The Variscan Orogeny is proposed as a
potential drive, with the associated regional compression reactivating regional faults around the
Derbyshire Platform, allowing the release of overpresbuigids held within syrrift, basinal

sediments.

Mineralisation within the Lower Carboniferous of the Derbyshire Platform is reported to commonly
occur at dolstonglimestone boundaries, indicating a spatial association of stimée and

mineralisation Ford (2001This is reported to be a common observation for MVT deposits (Gregg,
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2004), suggesting that dolomitisation and mineralisation may share a common formation mechanism,
most probably related to the expulsiof reactive fluids from ribasin sediments (For& Quirk,
1995 Ford, 2001

2.5Hydrothermal Dolomitisation

Lindgren(1933 was thefirst to define Hydrothermal¥luids which formedore depositsasresulting

from magmatic fluid with MVT and related mineralizatidescribedas "epigennetic'More recently,
hydrothermaldolomite (HTDhas become a commonly used term to describe late diagenetic burial
dolomitisation, ands defined asa burial dolomite that forms from fluids that are significantly hotter

(by definition 5° C or more, White, 1957) thidn@ ambient rock (Machel and Lonnee, 2002).

apparent unified model for HTD is often presented, but there is a complete spectrum in terms of
shape, sizes, fluid sources and mechanisms, as acknowledged in Hollis et al (2017) and there remains

debate oveffluids, mg source and the impact of fault permeability.

Whilst the term HTD is commonly used, there are various late diagenetic dolomitising systems which
cannot be fully described by the term HTD, including a number of ways that dolomitising basinal or

other fluids may be introduced to a hosting limestone;

The formation of HTD is commonly described as structwatiyrolled Gregg, 1984; Schofield &
Adams, 1986; Machel, 1987; Fowles, 1987;Gawthorpe, 1987; Kaufman et al, 1990; Kaufman et al,
1991; Reimeand Teare, 1992; Packard et al,1992; Mountjoy et al, 1999; ératjg?001; Reimeet
al.,2001; Packard and-Alasm, 2002; Ford, 200Raviesand Smith, 2006), formirgroximal to faults
encountered in extensional or strieéip fault systems (e.galdies & Smith 2006Vilson et al. 20017
Fault/fracture systems are commonly ascribed to be the fluid flow pathways for dolomitising fluids,
the type example of which is the Albion Scipio field of the Michigan Basin (Grammer and Harrison,
2013). Here, a rgmtive flower structure has an associated dolostone halo, formed from the supply of
basinal brines along the fault and also resulted in extensive mineralisation. However it is not always
the case that mineralised negative flower structures are also exédysiolomitised, with examples

from the TriState mineral district of Missouri, Kansas, and Oklahoma, where the ore deposits are
hosted by Mississippian limestones with only local dolomitisation forming along faults and fractures,
mainly in the form of sidle cement crystals (Jaiswal et al. 2018). Other examples of structurally
controlled fault/fracture systems that are dolomitized, are not negative flower structures (e.g. Hollis

& Walkden, 2012; Juerges, 2013; Frazer et al, 2014; Hendry et al., 20$%=ttbl[2018).

Faults and fractures are one possible fiilaadv pathway, however not the only ones. Other aquifer

types have been proven to introduce dolomitizing fluids; The type deposit for MVT systems is hosted
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within the Bonneterre Dolomite (Cambmjain southeastern Missouri and is facies controlled not
structurally controlled, with fluids sourced via circulation from the underlying sandstone (Gregg,
1985). Alongside this, there is evidence for dolostones formed during late diagenesis that do not
appear to be structurally controlled to any large extent (e.g. Amthor and Friedman, 1992; Amthor et
al 1993).

A common model often presented for HDT assumes a body with &tradabound core and
stratabound margin, localized around normal and stikefaults, with little consensus so far
presented on either the source of fluid, source ofMay the process for dolomitizatiotMéchel,

1986; Gawthorpe, 1987; Reimer and Teare, 1992; Reaitradr,2001; Ford, 2002; Hollis \&/alkden,

2002; LopeHorgue et al, 2010; Iriarte et al, 2012 Hollis & Walkden, 2012; Frazer et al, 2014; Frazer,
2014; Lapponi et al, 2014; Juerges et al, 20H3jes and Smith, 2006). Furthermore, as most case
studies of HTD are in pféenozoic stratadt is likely that overprinting of the dolostones geochemical
signature has taken place from multigleid flows, structural reactivations and recrystallizatian.
recent study from Holliet al., (2017) demonstrated that the typical stratabound and hon
stratabound geometry associated with HTDs does not necessarily mean a syngenetic relationship and
fluid source, instead their formation of can be decoupled in time, but still linked to structural

evolution.

Fluid sources for HTD are often thought to defiven basinal brines, with compaction and expulsion

of these basin derived fluids containing a significant concentration dfrdgilting in dolomitisation
(Machel, 2004)Mg?* is thought to be released during the transformation of clays (smectite &) illit

with increasing burial depth and with elevated temperatykeshle, 1965; McHargue & Price, 1982;
Fliigel, 2004)Other sources of fluids considered include seawater, as this would provide both the
necessary magnesium, along with providing the fluid volumes (Corbella et al, 2003; Machel, 2004;
Corbelleet al.,2014; Hollis et al, 20},7a problem often encountered wheconsidering basinal brine
sources. Expulsion of these fluids onto platforms during burial can occur by a number of mechanisms
including compaction, topographic head, fault movement, and conve€liocker & Wright 1996;
Flugel, 2004jFigure 2.5.1 Whig these models of fluid drives have been invoked for manystiwie
occurrences, the importance of fault and fracture networks acting as permeability pathways for

dolomitising fluids is increasingly recognised within diagenetic studies (e.gt &al2004).

The volume of HTD formed within the Pennine Basin commonly corresponds with the volume of
basinal brines derived from surrounding basiegy.(Schofield & Adams, 1986; Fowles, 1,987
Gawthorpe, 1987; Hollis & Walkden, 2012; Frazer et al, 20k4ges et al, 2016ord, 2002Hollis &
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Walkden, 2002Frazer, 2014Hendry et al, 2005and the importance of basin dewaterirfgr fluid
supplyand proximity to hanging wall basins for fluid supply was highlighted by Hollis & Walkden
(2012). Uncertaintystill remains however, as to what is controlling the distribution of these HTD
bodies to discrete portions of these faulith this in mind, within the following chapters, careful
consideration will be given as to the type of dolomitisation observeazhriicular, the subset of late

diagenetic dolostones described in chapters 5 and 6.
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Figure.2.5.1Schematic diagram displaying different dolomitisation models (Tucker & Wright 1996;
Flugel, 2004)

2.6Dolomite: Crystallography and Mineralogy

Dolomite(CaMg(Ceg),) is a rhombohedral carbonate mineral and has a structure which is a derivative
of calcite. The dolomite structure consists of alternating layers 6f angl C&" interspersed within

CQ? groups orientated normal to the-axis. The alternationf the Ca and Mg violates theglide

plane in the calcite structure, giving the dolomite structiBespace group symmetry. Dolomite may

display enrichment in €zand frequently contains Feand Mrf* cations that substitute for Mg

Calcite comprisealternating layers of calcium cations {Cand carbonate anions (€ oriented
normal to the eaxis. Cations are coordinated by 6 oxygen atoms, each belonging to a spetific CO

group. Each oxygen atom is bonded to by two metal cations belongingacate cation layers
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(Lippmann, 1973; Reedet983. Symmetrically the calcite structure has space gidBm(Gregg et
al., 2015)

High magnesium calcite is calcite containing a significant number ®f ddtions randomly
substituting for C4 in the single cation sitéGregg et al., 2015Yypical calcites containing >4 mol%
MgCQare considered to be high magnesium calgtbave, 1962; Tucker and Wright, 1990, p.)290.
Lattice defects are common, occurring on a scale of 1 to a few 100ramgsand are classified by

their geometry:

1 Point defects: arise from vacant atom spaces, foreign atoms or atoms between lattice planes
1 Line defects/dislocations: form due to lattice displacement along a line

9 Planar defects: twin boundaries, stacking faults, antiphase and interphase boundaries.

2.6.1 Dolomite Classification

Dolomite types were described by Lumsden & Chimahusky (1980) and Morrow (1978, 1982) but
textures are most commonly described by the scberesented by Sibley & Gregg (1987) seen in
table 2.6.

Dolomite crystal size Unimodal or polymodal

Dolomite crystal shape Planar ononplanar

CaC@allochems Unreplaced or moulds

CaComatrix If .reple.lced: Partial or complete, mimetic or Ac
mimetic
Planar ononplanar

CaC@cement Euhedral, Subhedral,nhedral

Voidfilling dolomite Limpid, rhombic, drusy, baroque

Table 2.6. Dolomite types as described by Sibley & Gregg (1987)

Dolomite occurs in a wide range of crystal forms, fabricsvasiics. Dolomite occurs as both a rock,
formed from the replacement of limestone, and mineral cement both of which do not occur as a
primary precipitate at ambient conditions. The dolomite forms described below include: replacement

dolomite, baroque dolofite and dolomite cement.
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2.6.2 Replacement dolomite

Replacive dolomite vary frofabric destructive to fabric retentive, selective to pervasive, with crystal
shapes varying from anhedral to euhedral rhombs to fplamar ornonplanarmosaicsNonplanar

and planammosaics are comprised of anhedealhedral dolomite formingnonplanar planars and

planare rhombs. Intercrystalline boundaries tend to be mostly curved, lobate, serrated, or otherwise
irregular. This fabric produced by this mosaic commoodg chot preserve much of the sedimentary
fabric and result from higher temperature fluids. Sucrosic texture in dolomite is formed from a porous
mosaic of euhedral rhombs with cloudy centers and clear rims (Murray 1964, Sibely 1980, 1982). The
cloudy coresre a result of inclusions, mineral relics from the precursor mineral or dhajatyfilled

microcavities.

Dolomite can also pseudomorph the Ca@€cursor to create a mimetic, or fabric preserving
texture. In these instances the dolomite nucleates iticap continuity with the CaG@recursor.
Fossils and ooids are formed from numerous microcrystals, therefore many nucleation sites are
required to retain the crystallographic orientations of the precursor crystals. High Mg Calcite and
aragonite may be pferentially dolomitized in this way, compared to dblg Calcite. (Murray 1964,
Sibely 1980, 1982). Low Mglcite grains appear more resistant to dolomitisation, however this could
be a function of fewer nucleation sites being available, and the greladenical stability of lower
magnesium calcite. With fabric destructive dolomites, it is probable that precipitation did not take
place during one event, but from shallow to deep burial. Fracturing of early dolomite rhombs,

overgrowths and dissolution suriprovide evidence of this (Gregg & Sibley 1984).

2.6.3 Dolomitisation process

Very high magnesium calcite (VHMC) is defined as calcite that has calcium:magnesium ratios similar
to dolomite, however displays no ordering of these ions within the crystal lattice, as is observed
within dolomite (e.gNavrotsky & Capobianco, 198Norderg and Sibleyl994) Ostwald's step rule

allows for mineralogical sequences, such as the conversion of very high magnesium calcite (VHMC)
into dolomite, to be described quantitatively (Ostwald, 1897, Morse and Casey, 1988; Nordeng and
Sibley, 1994). Thisule states that initial reaction products lie closer to the free energy of the
reactants than to the free energy of the final, stable products, meaning that reactions can proceed

more easily through a stepped phase reaction, with each new phase beisglldss than the last.

In this case we will consider the case of dolomite formation through the conversion of very high
magnesium calcite (VHMC) into dolomite. VHMC is more soluble than ordered dolomite (Navrotsky &
Capobianco, 1987), antbn-stoichiometric dolomite is more soluble than stoichiometric dolomite

(Carpenter, 1980), this would form the stepped reaction series. Nordeng and Sibley (1994) showed
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that VHMC nucleates before poorly ordered dolomite. This is seen within closed Bydtethermal
experiments, where the initial growth of VHMC decreases tAeMZa"-CQ ion activity product in
solution, allowing morerdered dolomite to nucleate and grow faster than the more soluble VHMC
later on in the reaction (Graf and GoldsmitB5@; Arvidson and Mackenzie, 1999). Dolomite is also a
very reactive mineral in the diagenetic environment, with unstable early formédgQarbonate
phases and the potential for repeated and significant recrystallization. This therefore makes it unlikely
that original depositional and diagenetic geochemistry of dolomite will be preserved (Machel, 1997).
Kaczmarek and Sibley (2014) furthered this, proposing that most, if not all, ordered stoichiometric

dolomite in nature has been recrystallized.

2.6.4 Factors affecting dolomitisation

Controls on dolomitisation are not well understood as it does not precipitate from supersaturated
seawater at ambient conditions (Gregg et al 2015). A number of factors however, appear to enhance
dolomitisation rates, inctling: increasing temperature, increasing alkalinity, lowering PH, increasing
concentration of Mg and Ca, increasing Mg to Ca ratio, increasing fluid to rock ratio and increasing the
surface area available for dolomite nucleation and presence of seed tol@dones et al 2000,
Whitaker & Xiao, 201@regg et al, 2005

Gregg et al 2015 reviewed the role of microbial activity in catalyzing dolomitisation reactions, as it is
known that some organic compounds reduce the hydration &f tégions in solutionallowing them

to be more easily incorporated into precipitating carbonates. However, to date no dolomite has been
successfully synthesized at ambient conditions in labs, only very high magnesium calcite, which can be
synthesized without the presence of noibes. It may still however be possible to synthesis dolomite
under ambient conditions by means of microbial catalysts although it may be very difficult to

overcome the kinetics involved (Gregg et al, 2015).
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Chapter 3Methodology

The study employs a mu#cale, interdisciplinary approach which includes complementary
sedimentological, petrographic, geochemical, isotopic and structural analysis. A variety of dolomitised
platform margin, platform top and Slope sediments/&féanagewere recorded and sampled. The
interval of interest was used in order to compare and contrast the diagenetic and burial history with
well documented adjacent and contemporaneous carbonate platforms (e.g. Hathern Shelf, Askrigg

Platform).

3.1 Fieldwork Mdtods

3.1.1Photography

Photogrammetry of outcrops has been undertaken to allow georeferenced interpretation of facies
and dolstone distribution within and between outcrops facies. Photos are systematically taken by
walking along the outcrop, with a rangkclose detailed images and overviews. The camera used was
a Nikon SLR. This allows for the software VisudtsEtidh the images together into a 3d model and

combined with GPS readings, allows for the models to be spatially arranged.

3.1.2 Logging

15 logs were taken at 1:50 scale at both core and outcrop, with facies identified, allowing for a
comparison and correlation between outcrop and cores. Thickness ranges are between 4m to 30m,

with rock classification and facies recorded.

3.1.3 Samplingtrategy

All logged sections were sampled to ensure full representation of identified facies, at key surfaces or
mineralization. Samples of facies that are identified across multiple outcrops have also been taken.
Samples are of sufficient size for petignical analysis and geochemistry. Samples are all

georeferenced and orientated.

The location of sample localities including outcrops, quarries, mines, caves and boreholes are outlined

in table 3.1and Fig.3.below.

Fig.3.1Location of sample localitiéscluding outcrop& quarries(shown by square symbols), mines

& cavegshown by circle symbot)d boreholegshown by triangle symbols); 1. Brundcliffe Cutting; 2.
Brassington Quarry; 3. Hoe Grange Cutting; 4. Harborough Rocks; 5. Middleton Iijider Boint

Quarry; 7. Wyns Tor; 8. Grey Tor; 9. Winster Quarry; 10. Parsley Hay Station; 11. Gratton Dale; 12.
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Hopton Tunnel; 13. Rivendale Quarry; 14. Coal Pit Rake; 15. Upper Wood; 16. Peak Quarry; 17.
Cromford Road Cuting; 18. Minninglow; 19. Newh&ugting; 20. Middleton Top Quarry; 21. Hopton
Quarry; 22 Hartington Station Quarry; 23.Blakelow Quarry; 24. Luntor Rocks; 25.Grinlow; 26.
Devonshire Cavern; 27. Wapping Mine; 28. Temple Mine; 29. Masson Cavern; 30. Golconda Mine; 31.
Ballidon Hill Bragssjton; 32. Pikehall Road Elton; 33. Gurdall Wensley; 34. Longcliffe; 35. Parsley Hay
Station; 36. Standlow Lane Kniveton; 37. Bottom Leys Farm; 38. Ivy Cottage BradboBlore 29.

40. Four Lanes End Wirksworth; 41. Carsingotn Pasiliagsis taken wm Edina Digimap, with OS

map undelay and geological map overlay from sheet SSK111.
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Table 3.1:Location of sample localities including outcrops, quarries, mines, caves and boreholes.
Location is provided by Lat & Long, and a simple description tithtllegy encountered at each
locality included
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Type Name Lat & Long Description
Brundcliffe Cutting 53.153076, -1.761212 Limestone
Brassington Quarry 53.089128, -1.652052 Dolostone (D3)
Hoe Grange Cutting 53.101669, -1.672343 Dolostone (D2) and Limestone
Harborough Rocks 53.092970, -1.638429 Dolostone (D1)
Middleton Incline 53.093186, -1.587073 Limestone
Ryder Point Quarry 53.089828, -1.618363 Dolostone (D1)
Wyns Tor 53.139096, -1.641699 Dolostone (D1/D2)
Grey Tor 53.140108, -1.650236 Dolostone (D1/D2)
Winster Quarry 53.134585, -1.652073 Dolostone (D3)
o Parsley Hay Cutting 53.164280, -1.781517 Dolostone (D2)
E Gratton Dale 53.140935, -1.694108 Dolostone (D2), Limestone, Lava
& Hopton Tunnel 53.089372, -1.605418 Dolostone (D1) and Limestone
°2 Rivendale Quarry 53.107933, -1.760999 Limestone
E‘ Coal Pit Rake 53.122200, -1.569465 Dolostone (D1) and Limestone
E Upper Wood 53.116065, -1.566079 Dolostone (D1)
©  PeakQuarry 53.096459, -1.654058 Limestone
Cromford Road Cutting 53.109274, -1.559033 Dolostone (D2)
Minninglow 53.137617, -1.607773 Dolostone (D2)
Newhaven Cutting 53.163764, -1.775895 Dolostone (D2)
Middleton Top Quarry 53.093776,-1.590962 Limestone
Hopton Quarry 53.092366, -1.596272 Limestone
Hartington Station Quarry 53.147813, -1.775198 Limestone
Blakelow Quarry 53.131501, -1.627841 Limestone
Luntor Rocks 53.138148, -1.630220 Dolostone (D1)
Grinlow 53.127789, -1.571390 Limestone
o Devonshire Cavern 53.122421, -1.566815 Dolostone (D1) and Limestone
£ Wapping Mine 53.114577, -1.562721 Dolostone (D1) and Limestone
% Temple Mine 53.119463, -1.564255 Dolostone (D1) Lava and Limestone
E Masson Cavern 53.124820, -1.566768 Dolostone (D1) and Limestone
Golconda Mine 53.092127, -1.635326 Dolostone (D1) and Limestone
Ballidon Hill Brassington 53.084285, -1.668506 Dolostone (D1) and Limestone
Pikehall Road Elton 53.129613, -1.704989 Dolomite (WD2, WD3, WD4)
Gurdall Wensley 53.145382, -1.617257 Dolomite (D1)
Longcliffe 53.102295, -1.658850 Dolomite (D2)
o Parsley Hay Station 53.171538, -1.783936 Dolomite (D2)
é Standlow Lane Kniveton 53.053596, -1.685470 Dolomite (WD1, WD2, WD3, WD4)
Bottom Leys Farm 53.110246, -1.617343 Dolomite (D2)
Ivy Cottage Bradbourne 53.069652, -1.685926 Dolomite (WD2, WD3, WD4)

Blore 2
Four Lanes End Wirksworth
Carsington Pastures

53.041133, -1.795968
53.085958, -1.595263
53.087427, -1.634708

Dolomite (WD2, WD3, WD4)
Dolostone (D1)
Dolostone (D1)

3.2 Core description

18 cores were logged duringsitsto the BritishGeological Survegee Appendix).ogs were taken at
1:50 scale, with both rock classification and facies recamlatlow for acomparison to those taken

in the field. Facies were identified within the cores and then used for correlgt@cture mtensities
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per meter or faciesvere recorded for some logs, as well as a graphical log of diagenetic features

including; dolomitisaitonsilicification, fractures and stylolites.

3.3 Petrographical analysis

A total of 167polished thin have beeanalysedn transmitted light and under CL. Photomicrographs

were taken on a variety of scales to show key relationships using transmittecci@dspolarised

light andUV (with blue light fluorescence). Optical microscopy was carried out using a Meji Techno
polarizing microscope. Cathodoluminesence (CL) analysis of polished thin sections was carried out
using a Nikon CITL cathodoluminesenc&MKP h LISNJ GAy 3 O2y RAGAZ2Yy & 6SNB

beam current in a vacuum of ~0.08 torr.

3.4 Porosity & Permeability

Porosity measurements were made using a Ré¥IHR100 Digital Helium Porosimeter. Helium

was used for measurement due to its snathmic size, enabling the gas to move through the
smallest pore throats. The pore volume of the samples was estimated from the pressure drop
associated with the helium entering the chamber form a reference volume at known pressure. The
porosimeterisequiplS R A GK | mMdnQQ RAIFYSGSNI YFEGNRE OdzldE |
Steel caibrations disks of various lengths were used in different combinations to produce a linear

regression analysis on order to assess the pressure ration at differemtegolu

Permeability measurements were made using a RESIZBR200 Digital Gas Permemeter. This
system has a permeability range of 0.1 m0 D and was used to measure sinle point gas
permeability. This method of measurement relies on an upstream and tteammsgas flow through

a core holder with samples jacketed in a rubber sleeve under a confining pressure Nitrogen gas inflow
is controlled by either a needle valve or gplags valve dependent on the permeability of the sample

(Taylor, 2013)Porosity andPermeability calculations are included in the Appendix.

3.5 X-RayDiffraction

X-Ray Diffraction ithe preferred techniqueo calculate dolomite to calcite ratios over petrographic
point counting methods, as it can quantify the micrometer to submicromaiestals, as well as
unconsolidated cements within samples (Gregg et al, 2015). There have been varying methods used
to determine calcite ratios using the 104 reflections, the most intense reflectiararbonate
minerals, corresponding to the cleavagembohedronplanes Goldsmith and Graf, 195Bumsden

1979)
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Lumsden (1979ndicated that thereare three independent factors that can affect XRD estimates of

dolomite in preCenozoic carbonates:

1) Nonstoichiometric dolomite with excess calcium within the mineral lattice expands and enlarges
the 104 reflection. Goldsmith & Graf (1958) and Runnels (1970) showed this enlargement of the 104
reflection is a direct function of the amount of excess calcidsing the 104 calcite/dolomite peak
ratios, Lumsden (1979) proved that every 1% of excess calcium within the dolomite lattice causes
approximately 2% overestimation of the amount of dolomite within a sample, therefore it is an
unsuitable method for quditative analysis of nonstoichiometric dolomites. Iron substitution also has

an influence on the 104 spacing and peak size (Runnels, 1970; Runnels, 1974).

Lumsden (1979) developed an equation for calculating the Ca content of dolomite based on the shift

in the dolomite 104 reflection:

NCaCex= 333.33c; 911.00
NCaCe@= Mol% CaCGOd = value of the 104 reflection measured in A

This equation is subject to error, however, as it does not consider other substituting cations or
variations in ordering. Jones et(2001) also coupled this with pefiking to detect heterogeneous

populations of the calcian dolomite.

2) Gregget al. (1992)used the 113 peak ratios instead to avoid the stoichiometric effect of the
dolomite (as it is unrelated to the interlattice cais); however, there is an interference of the
dolomite 113 reflection with the quartz 102 reflection. In samples with more than 20% quartz,
Lumsden (1979), noted the interference significantly increased the size of the calcite peak, conversely
reducing thedolomite estimate. In samples with less than 20% quartz and less than 50% dolomite,
the effect, although measurable, was shown to be overshadowed by other sources of error and may
be ignored. To limit these effects, Lumsden (1979) determined the molenp&®a C@of calcium in

the dolomite phase by measuring the shift in position of the [104] peak relative to an internal halite

standard.

3) Error was also shown to occur if the crystalline size of the powdered standards used to prepare x
ray calibration arves differ significantly from the crystal size of the sample unknéwwmasden,
1979) The conclusion is that calibration curves should be prepared with samples that approximate

the crystallite size in the unknown sampllesmsdenl1979 Gregg et al2015).

XRD analysisasconducted using EVA software to produgentitative mineralogy of the samples.
Detailed analysis as described in section 4a8 awnducted using Excel software. Raw data (with

background extraction) asextracted from EVA and noriied to remove negative counts, allowing
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for multiple analysis to be conducted using charts produced in éXoting raw data taken from
EVA into software which produces algorithms to measure multiple overlain pdlakss for the

differentiation of multiple dolstonephases.

3.51 Sample Preparation

There are two methods for sample preparation the data in this studySamples analysed in chapter

4.3 were prepared using the old method, as they were run previous to this project starting.

Existing samples

Around 4g of sample was hand crushed with deionized water in a pestle and mortar. The resulting

paste was then smeared onto a glass slide ready to be loaded into the XRD for analysis.

New samples

At least 4g of sample is first crusheditema mill for 30 seconds to produce a powder. This powder
was thenplaced in aMcCronemicronizing mill with 10ml of water for 5 minutes. The resulting liquid
waspoured into a petri dish and left to dry overnight in an oven at 50°C. Once the saaspley, it

wasground with a pestle and mortar to produce a homogeneous fine powder

3.5.2 Cation Ordering and Dolomite Stoichiometry in XRD

52f 2YAGS W2NRSNAYy3IQ NBetdl(30D5) arerglaied to the dat®rotibdngoS R 0 @
the Ca and Mg interlayer species. A comparison of these reflections from stoichiometric dolomite

standards to samples can help identify lattice defects and the disorder of the interlayer cations.

Summarisedbelog ' NBE GKS NBFfSOGA2ya YR W2NRSNAY3IQ NJ
dolomite.
di13
diie
do18

c104

Y ‘ ey | .- - l 10 o ‘ C20 it Lt

21 23 25 27 29 31 33 35 37 39 41 43 44 46 48 50 52
Fig.32.Closeupof2p o H‘ ARSY(GATeAy3d R2f2YA0GS O0RUO IyR OFfC

d101
A

Dolomiteorderingcan be determined from a comparison of th#0 reflection intensities to the 015
w2 NR S NR vy 3GIdINEnTandSseat] 3938yghlighted in green in Figure3in this comparison,
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the 110 reflection is used as it has raxis contribution and therefore can provide as a reference for

the 015 eflection which displays decreasing intensity with increasing disorder. In stoichiometric

dolomite, the 110 and 015 reflections have similar intensities as a result of Mg and Ca interlayer

ordering. In nom G2 A OKA2YSGNRO

R2f 2 YA (tir® becdrieS incremsingly ¥2 NR S |

attenuated in comparison to the 110 reflection as cation disordering increases and moféiai<a

substitute for M§*LI2 aA G A 2y &

6ryR OAr0OS

GSNEI 0@

¢KS R2f2YAQl

intensity with an increasingncorporation of F& in the dolomite structure, replacing Mg cations

(Goldsmithet al., 1955) At approximately 10 mol% FeC@he 101 reflection disappears and all

WY2NRSNAY3IQ NBFE SO0 A 2 y:eGoldernith et 2ILEE2).NI |

BbdupY2fsx CS/

When thedistribution of C& and Md* cations becomes truly random, but the proportions are the

same, the space grouping of the mineral

changes frRofh to REBc, converting to very high

magnesium calcite (VHMrédleyet al., 1953) Gregg et al(2015) showedhat VHMC can be
RAFFSNBYGAIFIGSR FNBY R2f2YAGS

W2 NRSNA Y IQ

diffuseness of all reflections. XRD reflections for calcite and stoichiometric dolomite are seen in tables

3.2to 34.

Table R Optical grad Calcite basal reflections between2® R S 3 NiBeb @u Kradiation

Reflection Peak

2 theta position (approximate) d-spacing

104 29.4 3.04
102 23 3.86
006 31.25 2.86
110 36 2.49
113 39.3 2.29
202 43 2.1

204 47 1.93
108 47.3 1.92
116 48.5 1.88

Table 33 Stoichiometric Dolomite basal reflections betweerp2p R S 3 iNiBeb Gu Kmadiation

Reflection Peak

2 theta position (approximate)\ d-spacing

104 30.9 2.89
012 24.3 3.66
006 335 2.67
110 37.4 2.4

113 41.2 2.19
202 45 2.01
024 49.3 1.85
018 50.6 1.8

116 51.3 1.78
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Table 34 Dolomite ordering reflections between®0p R S 3 dhiBe® Gu Kiatliation

Reflection Peak 2 theta position (approximate)\ d-spacing
101 22.1 4.01
015 35.2 2.55
021 43.9 2.06

3.6 Major and trace elements

Major and trace elements can occur within minerals, at crystal boundaries and between lattice
planes. Trace elements can be incorporated into the crystal lattice by solid substitution, where
elements of similar ionic radius and charge can replace hosffligidsor mineral inclusions, occlusion

in lattice defects or sorption onto crystal surfaces (Mclntire, 1963; Banner, 1995). The partitioning of
a trace element from a liquid phase into a solid lattice phase can be quantitatively represented and
predictedusing the distribution coefficient (kD).dfstribution coefficient of <1 discriminates against

the incorporation of the trace element into the mineral phase, and a value of >1 indicates preferential
incorporation of the trace element (Banner, 1995). Havethe experimental determination of kD
values for dolomite yield a wide range and so trace element analysis is often used to gain only general
information on the nature of the diagenetic fluids (Brand & Veizer, 1980; Machel, 1988). In situ Major
and trace element analysis was carried out using AE1S. The analysed elements include Fe, Mg, Mn,
Ca, Sr, Al. Further, analysed elements were selected because of their association with mineralisation
and with burial including cementation Cu, Pb, Zn, Na andeRbd also analysed. ICP analysis was
conducted using powdered samples of host rock limestone and isolated dolomite phases. Powdered
samples were treated with 6M HCI for 24 hours to digest the carbonate phases. An aliquot containing
10 ml of solution washen transferred to an ICP vial. Corresponding samples were drilled from hand
specimens and their purity checked where necessary by XRD techniques. Trace element
concentrations were measured using a PeEdmer Optima 5300 dual view HBES with

reproducih t Adé 2F nom: om 0

3.7 Stable isotopes (Carbon and Oxygen)

Stable isotopes analysis (oxygen and carbon) has been employed to characterise discrete cement
phases and to help determine the composition of the parent fluid and extent of diagahetition

following initial precipitation. Isotopes of the same element differ in mass and energy. Where more
than one isotope occurs, the lighter of the two isotopes is more reactive. The change in ratio of the

two isotopes during chemical reactions (ecgment precipitation) is referred to as fractionation.
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Moreover, each reaction can be defined by a temperature dependent fractionation coefficient (Emery

& Robinson, 1993). Abundant stable isotopes with suitable differences in relative masses to enable
detection include 160, 180, 12C and 13C. Stable isotopes are widely applied to carbonate diagenesis
studies as they can provide information about the conditions during cement precipitation e.g.
temperature. The controls on isotope composition, especiafi)gen, include composition of the

parent fluid and the fractionation coefficient between a fluid and solid. The alteration from the parent

fluid signature can be used to discriminate between fluids sourced from different environments (i.e.
marine, meteoricor burial) and also the extent of diagenetic alteration (Tucker & Wright, 1990;

| 2SFaI MPPpT O P Ly O2y NI ad -rackintetaetidrdod a/changg inM@id2 y 6 4
composition/source to alter the isotopic signature (Emery & Robinsgmgho 0 @ 1 Mo/ OFyYy L
indication of meteoric fluids and soil derived CO2 or CO2 generated during maturation of organic
matter. Within this study, orientated samples selected for stable isotope analysis consisted of whole

rock limestone and do#tone and isolated diagenetic phases from fractures and the walls of
interparticular and secondary porosity. The samples were chosen based on their diagenetic phase,

host rock lithology, stratigraphic position and fracture orientation. The diagenetic phases and
composition of the rock samples were determined by XRD and first pass transmitted light and CL
petrography. Whole rock samples were chosen based on their dominant composition (e.g. dolomite

or calcite). Partially dolomitised limestones were not analyasel td a potentially large error

associated with the correction. In order to reduce crmmstamination from adjacent diagenetic

phases or hostock, samples with one or two diagenetic phases and a simple-auriiss)

relationship were identified and del using a 0.05mm drill bit. In addition, the rock sample was

cleaned between collection of each powder sample using pressurised air and deionised water and the
drilled bit cleaned using 0.5% HCL. Stable isedopdysis was conducted at the University of
Liverpool. Powdered samples (4.5 mg) of host rock and discrete cement phases were acquired using a
tungstentipped precision drill. Samples of calcite were reacted (to completion) with phosphoric acid

under vacuum, at temperatures of 25 oC (McCrea, 19583es were measured by dualinlet, stable

isotope ratio mass spectrometry using a VG SIRA10 mass spectrometer. Isotope ratios were corrected

for 170 effects following the procedures of Craig (1957). Oxygen isotope data were adjusted for
isotopic fractionatin associated with the calcifghosphoric acid reaction using a fractionation factor

6h0 2F mMdamMaHp OCNASRYlIY 9 hQbSAtIE mMpTtTOod { | YLIX
NE&adzZ 64 6SNBE NBLINRRdAzOAGE S (2 thaWwbBSstandard.” 0 @ ! f f RI
¢KS NB&adz# 6a KIS 0SSy AYGISNLINBGISR dzaAy3d GKS 2E&:

the calcite cements and Land (1983) for the dolomite phases.
MAannt yh-wated)l=0. T8 {16867) ¢ 2.89
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3.8 Rare Earth Element analysis (REE)

Rare earth elements in seawater are most commonly derived from the -appstr (McLennan,
Mppnod [/ 2YyGEGNREfa 2y AYO2NLIR2NIGAZ2Y 2F woo@a AyOf
(temperature), competition, fluid composition and bio/diagenetic influences (op. Cit.). REE analysis is
often utilised during diagenetic studies in order to better constrain the fluid source(s) for
LINBOALIGEF GA2Yy ® w99 Qa | adScorisBeret b fe@eSdntthe ZamposiioSof | y R
0KS LINBOALMAGIGAY3I FEdZAR® {AYATI NI G2 OFNbB2Yy Aaz2iz
increased temperatures (diagenesis) and high water: rock ratios. Therefore at low temperatures, in
ordSNJ 12 Y2ZRATFTée GKS w99 LI GGSNya oFGSNI NRO|l NI A2
addition to characterising the fluid composition, the abundance, fractionation and anomalies
indicates the mode of crystallisation and the phydiemical emironments which the fluids
encountered (Bau & Moller, 1991). These details are invaluable when determining the fluid flow

LI GKgl daod {SFel GSNI aA3yl GdzNBa | NBE OKIF NI OGSNRASIH
0SGsSSy GKS [ w9 witha prbnyinent riegative CenaBddnglyi Negative Ce anomalies

are common within natural waters such as seawater and fluvial water (Eldetfald1990; Bau &

Moller, 1991). The negative anomalies within normalised REE patterns are a result of halegey c
compared to that of its neighbouring ions. Within natural systems the valency changes are controlled

by redox reactions and Ce anomalies indicative of oxidising, low temperature condaons: (

Moller, 1991 Haleyet al.,2004). Fluids with elevadl temperatures are characterised by REE patterns
GKFG RAaLIXLFE F+ €101 2F yS3araiaAgogsS /S Fy2yritex S
AYy@2ft SR 'y 9dz Fy2Ylfédd LY KERNRUKSNXIE aeadsSy
where the enviroment if slightly alkaline and of moderate temperature ¢C30Due to the presence

of the ligands CQand OFE ¢ KA OK F2N¥ a0GNRYy3ISN) O2YLX SES& 6A(K
2F 1 w99Qa NBadzZ Ga Ay Sy NROK YthsipH &  cortrslibg fac®itindzi A 2 y

y

ax

REE transport and inclusion during precipitation. There is also a potential mineralogical control
NEfFGSR G2 A2yAO0O NIRAdzaE OKINHS |yR 02yR® 5dz8 iz
FYR /I T NBEOWRRQRBRGO2HAGK /I YAYSNIfa odzi [w99Qa I
YAYSNIta Sdad AARSNAGSP ¢KS avYlFfftSNI Il wo9Qa gAGK
the mineral lattices (Morgan & Wandless, 1980; Bau & Moller, 199&)e is expected to be a

depletion of the absolute REE values from sedimentary carbonates through to burial cements even if
0KS yS3raAagsS /S y2yrfeé A& LINBASNDBSR® ! f GSNY I (AL
4SSN SEGSyd 1 w99

o

then an enrichment patterryi aw9 9 Q{ |yR {2 I f
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and fluid:rock interaction. Within this study REE + Y analysis was carried out in order to further
constrain the source of the fluids responsible for the different stolee phases.Samples were

selected that represent each dstonephase base on petrographic and stable isotope analysis. Due

to the sample size required (B®Omg) diagenetic phase separation and repeat analysis was not
possible for all samples. Powdered samplesost-fock limestone, bulk dostone and individual

cement zones were digested in 2ml of 20% HCI before dilution to 2% HCI. In addition, two blank
samples were prepared in the same way for reproducibility. Corresponding samples were drilled from

hand specimga | YR (GKSANJ LJzNARGE& OKSO{SR UKSNB ySO0Sas
concentrations were measured using 428 with an Agilent 7500cx mass spectrometer. Samples
GSNE NYzy I3l Ayad AyadSNylrt adlyRFNRA drtgdin mgls LINR R dzC
or ug/l (ppm or ppb). All REE results have been PAAS normalised following the methods of Nance &
Taylor (1976).

3.9 Strontium Isotope analysis (Sr)

Strontium isotope analysis is being increasingly employed within diagenetic studies qmdvada

additional constraint on the source of the fluids responsible for precipitation. Sr can be derived
naturally from seawater and incorporated during carbonate production or it can be provided post
deposition through resquilibration with Sr enrichediagenetic fluids®’Sr and®Sr are relatively

heavy isotopes and as a result are less readily fractionated during diagenesis compared with the
stable isotopes and thus retain the Sr isotopic signature of the parent fluid. 87Sr is derived from the
radioadive decay of 87Rb, which in turn is commonly found within siliclastic sediments. Powdered
whole rock and discrete dolomite cements were obtained using a tuntpped micremill

following the methodology of Charlier et al. (2006) and Pollington &B@al11). Sample purity was

checked where necessary by XRD. Sr (Oak Ridge 84Sr, 1.1593ppm) and Rb spikes were added to each
sample to boost the signal. Strontium was extracted from the rock powders for isotopic analysis using

Sr Spec extraction chromateghic resin. Column preparation and chemical separation were
conducted following the methodology of Deniel & Pin (2001) and Charlier et al. (2006). Prior to
analysis the Sr samples were mixed with Tantalum (Ta) emitter solution, loaded on to single Rhenium
(Re) filaments and subjected to a 2A current. Sr isotope ratios were measured on the British
Geological Survey (NIGL) ThesRimnigan Triton TIMS instrument in static collection mode. An
internal NBS 987 standard was used for calibration with a reprddéicb i & 2F bndmM>n O0H 0
analysis spiked samples are run in the same fashion as unspiked samples. However, the results of
spiked samples needed to be corrected;lioi€, for spike contribution using standard techniques (op.

Cit.). All results aneeported to the NBS 987 standard.
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3.10Fluid Inclusion Microthermometry

Fluid inclusion microthermometry wasrded out on selected dolomite and calcispecinens,
extendingthe initial calcite cement data set for the Derbyshire Platform collected g dlValkden
(2012. Analysisvas conducted on hinkham TH608eatingfreezing stage, controlled by Link3gs
software and a Linkam TP93 programnfiek. Y LJt S& ¢ SNB LINEB LIpoighed waférs. mp n > Y

Prescreening of samples allowed for fluid inclusion assemblages within crystals to be identified.
Samples were scored on their prospectivity, noting the size, shape, density, fluid:vapour ratios and
positions of the inclusions within crystals, as outlimg@oldstein & Reynolds, 1994),determine if

the analysis would produce relible datare was taken to analyse primary or psesecondary
inclusions based on careful petrograpbye to the high inclusion density within the replacive phases

of dologone in this study, and the small size of fluid inclusions (generally <20um), analysis for each
phase of dolostone was performed on individual fluid inclusions within the same crystal. These fluid
inclusions were all determined to be primary fluid inclusjaisplaying similar sizes (not varying in
size greater than 10%) and had similar fluid:vapour ratios, however due to the mottled effect

observed under CL, it is impossible to tell if they formed at the same time.

Calibration checks were performed ugisynthetic fluid inclusion standards, and the controller
reprogrammed if the measured temperatures differed from the known values by more than _+0.1 ~.
Homogenization temperatures (Th) were determined on 'heating runs' prior to the determination of
first (Tfm) and final (Tice) ice melting, and hydrohalite melting (Thyd) measurements on ‘freezing
runs'. This prevented homogenization temperatures being artificially elevated due to inclusion
'stretching’ during freezing. For the determination of all phasengbs a 'cycling' protocol,
compatible with the general methodology for the study of fluid inclusions in diagenetic cements
outlined by Goldstein & Reynolds (1995), was appligith 13 cycles performed per fluid inclusion
This exploits the fact that newrlall phase changes exhibit supercooling phenomena. The phase
change eneoint temperature was approached incrementally, followed by rapid cooling of the
inclusion. If the engboint of the phase change had not been passed, then the 'disappearing’ phase
(eg. vapour bubble or ice crystal) returned gradually. If the end point had been passed, the
disappearing phase typically only returned after considerable supercooling. The errors in
determination of Th, Tfm Tice and Thare controlled by the temperaturedarement used during the
approach to the end point of the phase change being measured, and are typically _+5 ~ for Th, +_0.1
~ for Tice, _+5 ~ for Tfm and _+1 ~ for TN@pressure corrections were made to Th data, because

it was not possible to unambigusly determine burial deptht the time(s) of precipitatiarOwing to
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the small size of the inclusions, in most cases it proved impossible to acquire measurements of Tfm
and Thyd, therefore salinities were calculated based on fregpimg depression inhe system Nacl

H20 and are expressed in terms of wt% NaCl equivalent (Roedder 1984). Because of the small sizes of
the inclusions, the turbid nature of much of the material and the general difficulties inherent in
working with inclusions in carbonate miaky, it only proved possible to acquire limited data on

carbonates within, or directly associated with, fractures

3.11PHREEQC

LYTF2NXYIGAZ2Y 6A0GKAY GKAA aSO0GA2Yy A dandiAbpel§ gO13),NR Y (K
unless otherwise statedPHREEQC is an extremely sophisticated -purtiose geochemical

calculation codecapable of simulating chemical reactions andirhensional transport processes in
naturalwater-rock interaction systems. However, within this thesis its use is confinedgzkinetic

batchreactions in a closed system. As such, only this ptreafode is described here.

Used in batchreaction mode, PHREEQC is capable of simulating a wide ramg®obiemical
reactions, including mixing of waters, mineral dissolutio grecipitation, irreversible and
incremental reactions, and heating and cooling of a mirflrial system. As such, in Chapter 4, it is

well suited to a model of dolomitising potential of seawater during geothermal convection.

Whilst applicable to manlgydro-geochemical environments, there are limitations to the PHREEQC

geochemical models in this study;

1 Seawater is unmodified from open ocean comjimrss constrained by Demicco et al. (2005).
The sukbasins of the Pennine Basin were nottigatarly well connected tthe open ocean.
Palaeoecological studies byef@tenson et al. (2008) strongiyggest that, at least in the
northern subbasins, during the Namurian, this pooocean connection could lead to
significant seawater dilution by rivenflux. Furthermore, even in more open systems,
evapoation in areas distant from thepen sea may be sufficient to drive local change
seawater salinity Whitakemd Smart (1990Y.herefore it is possibaat aub-basin restriction

throughoutthe Pennine Basin may have led to higher seawater salinities by evaporation

1 The simulation only considera limited number of mineral®HREEQC requires that all

minerals that may fornare explicitly stated withithe. It calculates the saturation indides
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many unspecified mineralbut these are not allowed to form unless stated. The input for

simulations in this study only allows the formation of dolomite and calcite.

Page |59



Chapter 4.

ANew Model of Dolomitization: Providing an
Answer to Mg Deficitwithin Rift Settings

Page |60



Chapter 4:

A New Model of Dolomitization: Providing an Answer to Mg Deficits
within Rift Settings

C. Breislid’, C. Holli$, S. Crowley V. Bank% J. Marshaf,
I. Millar3, J. Riding, H. Robertsch

1. School of Earth, Atmospheric and Environmental Sciences, University of Manchester, Williamson Building, Manchester
M13 9PL, UK

2. Jane Herdman Laboratories, Department of Earth, Ocean and EcologitzgSdiniversity of Liverpool, 4 Brownlow
Street, Liverpool L69 3GP, UK

3. British Geological Survey, Environmental Science Centre, Keyworth, Nottingham NG12 5GG, UK

4. University of Bristol
* Correspondencécatherine.breislin@manchester.ac)uk

4.1 Abstract

Faultcontrolleddolomitizationhas been well studied and described.owerCarboniferous\(iséan
platform carbonates atarious localities in thBennine Bas and North WalesThelargest of these

bodies (>50k) occurs on theDerbyshire Platformpn the southern margin of the Pennine Basin

This study tests the hypothesis that early pafstdolomitization occurred on the southern margin of

the Derbyshire Platform, based on petrographical, stable isotopic and trace element proxies. Results
show that dolostone is formed of planar, fakmétentive dolanite with singlephase (i.e. low
temperature) fluid inclusions. It occuadong NW-SE and &V olientated faults,but only within
coarsegrained,platform margin faciesnd in proximity to the Masson Hijneous cemre. Oxygen
Ad2021IS RIGE A& O2yaiaidsSyiBosdolinike =Rad-2 VA G BRid M2 y
values {2.7 to +0;8 ) arelighter than penecontemporaneous seawater (determinediB@narered
brachiopods=+2: ). This could be explained by a contribution of meteoric geothermal fluids mixing with
seawater during dolomitization, and an input of,@©m degassing intrusive volcanics during the
early postrift. Results show that fluid circulation on the platform margin during the earlyriftost

was driven by active intrusive volcanism. The alteration of the earlyifiogblcanics provided a
source of M@*, making dolomitization kinetically favourable. This fluid interaction also resulted in an
altered dolostone HREE profile, preserved due to hightbakl ratios. This previously undescribed
model of dolomitization is key to explaining the antously large quantity of dolomitization
observed on the Derbyshire Platform. This has implications to other carbonate platforms where
dolomitization is interpreted as fawtbntrolled, as ifs often difficult to unequivocally identify the

source of fluidand Mdg*to explain the irplace volumes afolostone

Page |61


mailto:catherine.breislin@manchester.ac.uk

4.2 Introduction

CGeothermal convectiomn carbonate platformmargirs canlead todolomitization by supplying mass

transport of magnesium over long periods and at temperatures high enough to ovetttekinetic

limitations to dolomitization from ambient seawatde.g. Wilson et al., 2000 Whitaker and Xiao

2010. Faultcontrolled dolomitization formed in association with $ifhigneous activitywhere Mg*

for dolomitization was supplied by volcanias been describeth two locationsOn the Latemar

platform (Triassic, Italy), where dolomitization was the pidof seawater interaction with mafic

dykesemplaced into the platfornfe.g. Zheng 1990 Carmichael and Ferrg008 Blommeet al.,

2017 Jacquemyret al.,2017) and the Levant region (Jurasdiebanon) b NI O dzZNB b 2 &

faults and alocaly high geothermal gradienassociated with Late Jurassic volcani@iader,
Swennen, and Ellam 2004)

The Derbyshire Platform, located at the southern margin of the Pennine [Basih) comprises

Lower Carboniferoud/{séarn platform carbonates deposited in a baok extensional regime (Fraser

& Gawthorpe, 2003)n the Pennie Basin and North Wales, UK, faughtrolled dolostone bodies are

developed on the margins of Mississippian carbonate platforms that grew on the rotated footwalls of

normal faults and a basement of Lower Palaeozoic metasediments (Fig.1). The formtiese of
bodies has been well describeSchofield & Adams, 1996; Gawthorpe, 1987; Fowles, 15984,
2002;Hollis & Walkden, 2002; 2012; Bowthal.,2004; Frazeret al.,2014; Frazer, 2014uergeset

al.,2016), and all are interpreted to occur duriniget onset of Variscan compression.
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Fig.1: Tectonestratigraphy for the
Mississippian of Southern Britain,
after Fraser & Gathorpe (2013)BH
Bowland High; BTBowland Trough;
CLH Central Lancashire High; -DF
Dent Fault; DPDetyshire Platform
FHF Flamborough Head Fault; GT
Gainsborough Trough; HdB
Huddesfield Basin; HB Humber
Basin LDH Lake District High; MEF
MorleyCampsall Fault; MHManx
High; NCFNorth CravenFault PF
Pemine Fault SFStublck Fault; WG
Widmerpool  Gulf.  Approximate
locations of dolostone bodies on the
margins of carbonate platformare
indicated by the red arrows, with the
yellow box highlighting the position
of the Derbyshire Platform, the focus
of this study.
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These bodies are associated with deepted Caledona faults that were reactivated during
Carboniferous extension and basin inversion during the Variscan Orogeny, and which are interpreted
to have controlled the geometry of the platform margins (Fraser and Gawthorpe, 2003). Dolostone is
also observed withifasinal sediments (Gawthorpe, 1987) and within early rift sediments (Cope,
1973; Dunham, 1973; Chisolm & Butcher, 198tkenheacet al.,1985;Chisholmet al.,1988).

The Derbyshire Platform hosts the largest volume of dolostone of all the platfotives Rennine

Basin, extending for ~50Kr{Ford, 2002) compared to ~8kimn the North Wales Platform (Juergss
al.,2016) and ~20kAwon the Askrigg Platrm and Craven Basin (HollisMalkden 2012). Despite its
volume, however, there is still a lack of consensus as to the mechanism by which it formed. Fowles
(1987) proposed dolomitization by downwaseeping brines in the Permioiassic whilst Ford (2002),

Hollis and Walkden (2012) cafrrazeret al., (2014), proposed dolomitization, at least in part, from
basinal brines expelled from juxtaposed hanging wall basins. Similar models have been proposed for
other platforms Gawthorpe, 1987; Bouclet al., 2004; Juergeset al., 2016). In allcases,
dolomitization appears to be associated withjor basement fault zoneNevertheless, Frazer (2014)

and Frazeet al (2014) recognised thaufficient fluid volumes to explain the volume of dolostone
could have been supplied along faults from jogtaposed basinal sediments, but geochemical
(PHREEQ) models indicates these fluids contained insufficient Mg. Reactive transport models show
that dolomitization could have occurred by geothermal convection of seawater along faults during
platform growth driven by the active volcanis(frazer, 2014)but to date there has been no

petrographical or geochemical evidence to support this hypothesis

This study forms part of a larger research investigation onto understanding the timing and fluids
responsibleor the formation of dolostone on the Derbyshire Platform. Here we test thethgpis

that there was an early posift phase of dolomitization from seawater, through detailed fieldwork,
core logging, pebgraphy (PL, CL, and U§&pchemistry (XRDCRMS, stable carbon and oxygen

isotopes, strontium isotopeand geochemical modelling using PHREEQC

4.3 Geological Setting

4.3.1 Stratigraphy

During theViséan backarc extension north of the Variscan Orogeny, and subduction of the Rheic
Ocean, washe major control on sedimentation within the Pennine Basih topography controlled
through the reactivation ofpre-existing (Caledoniah NESW, SWNE trending faults (Fraser &
Gawthorpe, 2003). During this period, lmamate platforms developed on thieotwalls of reactivated

Caledonian basement faul(raser & Gawthorpe, 2003). Thixtaposed hanging wall basins were
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filled progressively by pelagic and transported sediment during/ib&anSerpukhovian, until the
basin waauplifted and eroded to @eneplan and dissected in the Bashkirtidvloscovian by fluvio

deltaic systems.

53.36°N Castleton Key
Volcanic Vent Dolomitised Platform

— R — Interbedded Mudstone &
Doleritic Intrusion

Dolomitised Limestone
- Lavas Traces of Faults

- Outcrop of Visean
Basin Limestone

- Asbian Platform
l:l Brigantian Platform

2
< 7V Area of Masson Hill
> = Geological Map

- Dolerite sill mpL Brigantian IR Upper Matlock
Limestone | Lava
Dol  Dolostone Lower Matlock Silica

Lava
~ Fault

53.00°Ni

1~95.h, <5, 5oh/

Fig.2:A)Geological map of the Derbyshiratfrm; B)Detailedgeological mapf the Masson Hill area
Sample localities and boreholes are identified on thesnmigHarboroughRocks; 2 Carsington
Pastures; 3Hopton Tunnel;4Brassington Moor Quarry: Ryder Point Quarry: 8Vapping Mine; 7
Upper Wood; 8Temple Mine; 9Coal Pit Rake; 1€romford; 11Masson Hill; 12High Peak Quarry;
13- Wyns Tor; 14Grey Tor; 15Golcanda Mine; 16 Devonshire Cavern; LKasson Cavern; 18
Gurdall Wensley borehole;-E@ur Lanes End borehole; Bottom Lees Farinorehole; 21, Gratton
Dale

The focus of this studytise southern margin dderbyshirePlatform (Fig.9. This area is compasef

Viséanplatform carbonates andgyndepositional,extrusive volcanic¢Fig.2) The oldest exposed
platform carbonatescomprise the Woo Dale Limestone Formatiah Hollarian age. This is a
succession of 105m thick, massive, fined grainedsgtlaneouslimestones with a base of sandy

dolostone Fig.3.
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Ovelying the Woo Dale Limestone

Derbyshire Formation, the Asbian Bee Low

Platform

Formation Limestone Formation isomposed of
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European
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Stratigraphy
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International
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WIDMERPOOL Fm
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e MONSALDALELIMESTONEFm 0.8 M in thicknesst Masson Hill (Ford,
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330
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VISEAN

sediments on the platform are the
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EC3
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ARUNDIAN
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mud mounds, locally called reefs (Ford,
2001).

Fig.3:Chronostratigraphic framework for the Carboniferous of the Derbyshire platform. Ages derived
from Gradstein et al. (2004); Seismic sequences from Fraser et al. (1990).

The total thiGnessof the Eyam Limestone Formatiearies from 20 to 100m where mudounds are
developed.The summit and western slopes of Masson Hill have a sill intrusion of d(8@6t820
Ma) of unknovn form and depth bordered bytwo small patches of agglomeraf€ord, 2001).
Conformably overlying th¥iséansuccession is th&erpukhoviarMillstone Grit Serigsthe total
thickness is approximately 500m, with the final total of Upper Carboniferous cover being at least

1500m and may have exceeded 200@mithet al, 1967; Aitkenheaét al.,1985)

4.3.2 Volcanism
Igneous activity during the Carboniferous was widespread across the UK from th&sgantyo the
late Moscovianassociatedwith lithospheric stretching, causing regional tension and rift formation

(McKenzie, 1978Macdonaldet al., 1984). On the Derbyshire Platfornextrusive volcaem was
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dominant in theViséan(345-325 Ma) beforebecomingintrusive in theSerpukhoviar(325310Ma)
(Macdonald et al, 1984). On the Derbyshire Platform, extrusive vaitaturing theViséanwas
O2yOSYUuNI GSR I NRPdzyR (g2 YIAYy SNHZIWIAQGS @8ydNBas
1984). The southern volcanic centre, concentrated at Masson Hill and has two major associated lavas
(Macdonaldet al., 1984); Lower M#ock Lava(330.9 ¢ 329 Ma), which forms the stratigraphic
boundary between the Asbian and Brigantian and the Upper Matlock Lava (3329 Ma)
(Macdonaldet al.,1984). Away from the volcanic centre, volcanic ash is seen along karstic surfaces
associatd with this volcanism (Walkden, 1972)he mainly tholeiitic magmas were generated by
varying degrees of partial melting of heterogeneous mantle sources followed by fractional
crystallization and final equilibration mainly iththe lower crust. Large, higlevel magma
chambers wereot established. Even single laessencessuch as the Miller's Dale Lava, represent

several, isolated magmatic phases.

The Lower Matlock Lava is a composite of several lava flows andoudfljingthe Bee Low
Limestones (Chisholmt al., 1983) and is often taken as the boundary betwé¢lea Asbian and
Brigantian(Fig.3) The combined flows are about 45m thick, but reach 90m thick on Masson Hill
(Dunham, 1952; Ixer, 195) where the lava appears to bentact with the Bonsall dolerite intrusion
(Ford, 2001). The thickness of the lava decreases to both north and south from Masson Hill. The
Upper Matlock Lava lies in tleentre of the Monsal Dale Limestones, reaching 36m in thickness

(Smithet al.,1967; Ixer, 1978) and averages-19m elsewhere (Hurt, 1968).

The geochemistry of the lavas indicates that volcanism washpiatie and of tholeiitic affinity
(Macdonaldet al.,1984) They arecomposed ohighly altered, fingrained, vesicular, oliviqghyric
and aphyric basa#indare thin, typically a fewens of metreghick, but with some discrete flows up
to 42 m thick (Francis 1970) and multiple flows in places (Walters & Ineson 1981; Maeda@hald
1984).Trace element abundances frotacdonaldet al. (1984 showthat both the lavas anthe sills
are enriched in lighREE (LREE) in comparison to the he®sly (HREE), with chondritgmalized
Ce(Cg) = 1970, and Yp = 68. (Macdonaldet al., 1984). Alteration of the primary igneous
mineralogy likely resulted in the mobilisation of Si, Ca, Mg, Na, K, Ba, Rb and Sr. The elements Zr, Nb,
Y, Ti and P within basaltic rocks are stable during alteration (e.g. Pearce & Canflayai&;
Winchester1975; Pearce Norry 1979)with Rbmobilized and Sr displaying some mobilization
(Macdonaldet al.,1984).

Intrusive sills within the Masson Hill area, the Ible and Bonsall Sillstegetaldoe Namurian (325
310) and aremediumto coarsegrained olivinedolerites(Macdonald et al., 1984hey commonly

have altered olivine phenocrysts, ophitic intergrowths of clinopyroxene and plagioclase, and an
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absence or rarity of vesicles and amygdé@iacdonaldet al.,1984). Smithet al.,(1967) described
the sils as commonly having serpentinized olivine phenocrysts set in -aphitlc or ophitic
intergrowth of generally fresh clinopyroxene (augite) and plagioclase (labradorite). Acodsgoays
includeFeTi oxide and apatite in a microcrystalline matrixhvpitagioclase and secondary chlorite.

Accessory nepheline was been recorded from the Bonsall Sill €3=liti967).

4.3.3 Dolomitization
Dolostone on the DerbyshireFatform occurs as two geobodiesne proximal to thesouthern
platform margin, whilst the other is elongate, following the-S®Crorston-Bonsall fault in thevest,

and associated with the Masson Hill volcanic centre irdlg(Fig.2)

Hollis and Walkden (2002) constructed a conceptual model of compddiiodaflow as a result of
overpressure releas¢éo explain the distribution of fractureontrolled calcite cementation and
associated hydrocarbon, galena, fluorite and barite mineralizadotomitization precedes these
events, and Hollis and Walkden 120 proposed that it occurred during the earliest phases of fluid
expulsion from the hanging wall basins. Current models ingdokenitizationthrough geothermal
convection of seawater along faults during platform grovdkilitated by active volcanisnat that

time (Frazer, 2014).

4.3.4 Structure

Situatedon the southern maiig of the Derbyshire Platformthe field areais dissected byhe
CronkstorBonsall Fault, a deegeated crustal NVBE orientated fault, which extends approximately
20km to the NW twards Buxtor(Fig.2) It is slightly sinuouand locallycompound in nature, with
several parallelaults. Within the Masson Hill area, thene aeveral BV orientated strikeslip faults

with horizortal slickensideprovidingevidence of lateral movemeffirman, 1977).

The Masson Hill volcanic centre is formed on the crest of a plungdhgrientated anticlineRig.J.

The Masson anticline extends from Bonsall Moor, through the summit of Masson Hill and across the
Derwent Gorge, with the High Tor reefit crest (Ford2001). On the North and East sides of the
anticline, the limestoneweathered volcanic ash layers and weathered lak@seen to dip at 280
degrees, however, theouth side dips up to 45 degred(d, 2001). This anticline is interpreted to

have grown fronthe Viséan with shallowwater mudmounds formed in its crest, and remained a

topographic high in the early Namurian (F@@QJ).

4.3.5 Mineralization

The Carboniferous Limestone of the DerbysRil@form host economic quantities of PBnFBa

mineralization classified as MississipgalleyType (MVT) ore depositxér and Vaughan, 1998ord
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& Quirk, 1995) which are seen hosted within dolostone and within fractures anamg the
dolostoneand limestone The presence of ore bodies within igneous rocks and localized beneath
lavas (Walters & Ineson, 1980) suggests the igneous bodies acted as aquicludes, as well as hosts to
the mineralization (Walters & Ineson, 1980Ford 200). Mineralization within the Lower
Carboniferous of the Derbyshire Platform is reported to commonly occur astoielimestone
boundaries, indicating a spatial association of stolwe reaction frons and mineralization(Ford

2001).

4.3.6 Diagenetic Framework of tBerbyshire Platform

TheViséansuccession of the Derbyshire Platform displays a complex, btdomstrained diagenetic
history, from syrsedimentary to latdurial cementation (Gutteridge, 1987, 1991; Walkden &
Williams, 1991; Hollis, 1998; Hollis & Wdalk, 2002). Four major phases of calcite cementation
(Zones 14) have been described byalkden and Williams(1991), which precipitated within
carbonate pore spaces and fractures. Zones 1 and 2 are the result of metaeidtic diagenesis,
Zone 3is themajor pore filling phase, volumetrically, and is interpreted to have precipitated in the
shallow burial realm from groundwater which was driven down depositional dip by topographic flow
from the East Midlands Platforwalkden and Williams, 199%one 4cements are the final pore
filling phase and have been subdivided into a number of subtypes within fradtalés & Walkden
1996 & 2002 Hollis 1998. These Zone 4 cements are interpreted to havepremipitated with
fluorite, sulphates and sulphidebat are mined within the region and hydrocarbon (Hollis and
Walkden, 2002).

4.4 Methods

15 Qutcrops 5 minesand 3 bore holes(Fig.2)within the Asbianto Brigantian sucasion of the
Matlock area were investigated by geological mapping and core loggihgletailed petrographic
analysis of thin sections. Each locality was sampled systematically to cover the stratigraphy and range
of lithofacies. The core was logged for macroscopically visible textural (grainsize), compositional
changes, sedimentary feaks, skeletalcontent and digenetic features. A total &3 polished thin

sections were prepared from resimpregnated subsamples.

All thin sections were examined using optical transmitted light@uodicroscopy. All thin sections
were scanned usinghadEPSON Perfection V600 Photo at 2400dpi resolution. Optical microscopy was
undertaken using a Nikon Eclipse LV100NPOL microscope fitted with a Nikih da&era. CL
20aSNDIFGA2ya 6SNB YIRS dza bpficl cdthodblumingscericé §gst y H n N
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coupled with a Progress C10 Laser Optik digital photographic system. Operating conditions for CL

were set to 10 kV and 300pA at a pressure of c. 0.2torr and maintained by microcomputer control.

XRD was conducted on powdered sammesguired using a precision drill for analysis. These were
then prepared following the methodology of (Charéieal.,2006). The analysis was carried out using
a Bruker D8Advance diffractometer within the University of Manchester. A tube voltage cad® kV
a tube current of 40 mA, with a step size of 0.02° and time constant of 2.00 s was emplaygd, us
copper k alpha 1 radiatiolsemiquantitative estimations of bulk mineralogy fractions were carried
out using peak area measurements (sensu Schultz,).1884results contain an analytical error of
0.05%

ICRMS analysis was conducted oowmlered samples of hosbck limestone, bulklolostoneand
individual cement zonesThesewere digested in 2ml of 20% HCI before dilution to 2% HCI. In
addition, two blak samples were prepared in the same way for reproducilaligessment
Corresponding samples were drilled from hand specimens and their purity checked where necessary
08 - w5 UGSOKyAldzSSad wo99Q{ FyR -MStlyddAgildnraDoixA 2 v &

/8

YIda &aLISOGNRYSOSNW {FYLX Sa ¢SNB NHzy | 3IFAyad Ayi:¢

samples are reported in mg/l or ug/l (ppm or ppb). All REE results have been PAAS normalised

following the methods of Nance & Taylor (1976).

Stabé isotope analysis was conducted on powdered samplebosf dolomite host calcite
brachiopodsand discrete cement phases, acquired using a tungsiped dentist drill. Samples of
calcite were reacted (to completion) with phosphoric acid under vacautemperatures of 2%
(sensu McCrea, 1950). Gases were measured byindetalstable isotope ratio mass spectrometry
using a VG SIRA10 mass spectrometer. Isotope ratios were correctéd feffects following the

procedures of Craig (1957). Oxygendpet data were adjusted for isotopic fractionation associated

with the calcitelIK 2 8 LIK2 NA O | OAR NBI Ol A2y dzaAy3a | FNI OGAZ2
hQbSAE S MPpTTOP® {FYLI Sa 6SNB NHzy F3IFAyad |y AydS
pAOM: O6H  0® ! £f RIGF IdlciteNtBhHadNI SR NBf I A GBS (2 GKS

Strontium isotopic analysis was conducted omwgered whole rock andiscrete dolmite cements

obtained using a tungstetipped micremill following the methodology of Charlier al, (2006) and

Pollington & Baxter (2011). Sample purity was checked where necessary by XRD. Sr (Oak Ridge 84Sr,

1.1593ppm) and Rb spikes were added to each sample to boost the signal. Strontium was extracted
from the rock powders for isotopic analysis usangSpec extraction chromatographic resin. Column
preparation and chemical separation were conducted following the methodology of DeRial &

(2001) and Charliest al., (2006). Prior to analysis the Sr samples were mixed with Tantalum (Ta)
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emitter solutbn, loaded on to single Rhenium (Re) filaments and subjected to a 2A current. Sr isotope
ratios were measured on the British Geological Survey (NIGL) TFRamigan Triton TIMS
instrument in static collection mode. An internal NBS 987 standard was usedlilfwation with a
NBLINRRAzOAOGAET AGE 2F bnom:n O6H 0P 5dz2NAy3a ¢La{ Iyl
unspiked samples. However, the results of spiked samples needed to be corrediad, &df spike

contribution usilg standard techniges All results are reported to the NBS 987 standard.

PHREEQC version 3 (see Chapter 3 for more detagslyised to produce geochemicamodel of
dolomitization through seawaterThermodynamic data to represent the simulation mineral
assemblage wagrimarily obtained fromthe Lawrence Livermore National Laboratories (LLNL)
thermodynamic databasé@he seawater fluid chemistry for Carboniferous seawateonstrained

from the results oseavater evolution models by Demiet al. (2005)

4.5 Results

4.5.1 Structural Development of the Derbyshire Platform

The structural lineaments on the Derbyshire Platform are predominantlySEVéand NBEW
orientated crustal faults, with associated\Eand NS trending faults that form as splays .@igOn
the southof the Derbyshire platform, the Cronkst8onsall fault is a major NBE, deefseated
crustal fault, which extends approximately 20km from the (#@ar the town ofBuxtor), to the
Mas®n Hill areain the SEFig.2). It is slightly sinuous alodally compaund in nature, with several

parallel faults and associated splays
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Fig.4:View looking north east of easesttrending cliff section up td5m highwith car (Nissan Note)
4.1m long, approximately 3m away from the cliff faldee fauknetwork consistsfdwo sets of faults:
Set 1) BV orientated faults, highlighted in yellow, filled, planar, gently dippigid{) faults of 5Sm+
length, £10cm width, and -6m spacingSet 2) BN orientated faults, highlighted in red, filled, planar,
gently dipping (@L0°)faults of 5m+ length,-BOcm wdth, and 16m spacing

At Cromford, withirthe Masson Hill area, there are severdVBrientated faults formed as splays to
the NWSE CronksteBonsall fault, with horizontal slickensides providing evidence of lateral
movement (Figl). There has been dolomitization of the wall rock forming a teatbese EW faults,

as well as dolomite cement forming within breccias in the¥é fRults (Figd, Fig.). This dolomite
cement is crossut by mineralisatior(Fig.6) EW faults host minor quantities afalcite, fluorite,

barite and minor galenalong he fault plane, which display slickenlines, indicating strike slip

movement (Fig).

Fig5: DolostoneD1 forming cement
in a fault breccia in Wapping mine
(C).Host rock is dolomigd (H), as
are rotated wall fragments within the
fault breccia (B)

N-S faults are seen to cressat the EW orientated faults, and have an associated phase of dolostone,
which forms a halo around the faults up to 50cm in diameter (Fig.6). Hydrobrecciation is commonly
observed along these-8 faults,but not along the BV faults (Fig.6). The matrix to the breccia
commonly containgjalena and fluoritemineralisation. These -8 faults also display slickenlines,
indicating strikeslip movement, and host greater quantities of Mdifle mineralisation thathe EW

orientated fractures.

At the intersection of BV and NS faults, large cavities up to a metre in diameter are filled with

calcite, fluorite and barite (Fig.6).
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Fig.6:Mineralisation, ddolomitizationand large calcite crystals within dissolution cavity formed at the
intersection of 8V and NS faults in Cromford; A) Multiple generations of mineralisation along fault
surface including 1) Baryte 2)Dedolomite 3)Large scalendohedral calcite crystagstoBnibe
(orange) and Mn (grey) mineralisation; C) Orange large scalendohedral calcite crystals at centre of
fracture

4.5.2 Distribution of DolostorgStructural and Stratigraphic Relationships

Both fabrieselective, stratabound dolomitization and fabridestructive, norstratabound
dolomitization have been observed in the field. The fawmlective, stratabound dolomitization is
observedwithin platform margin facies, as well as forming halos of dolostotiet&W faults. Non-
stratabound, fabric dediictive dolomitization occurs along NSE trending crustal faults afarms
dolostone halos toN-S faults (Fig.6). Petrographical observations have revealedh&sgs of
dolomitization (Table)l with the fabric selective, stratabound dolomitizationwdag as the first

phase (D1). This study has focused on the D1 phase.
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Buxton
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Fig.7 Geological map showing the Dol type distribution on the platfddnthe focus of this study is

seen to be concentrated at the platform margin, and around the Masson Hill Igneous Centre. Later
phase D2 is concentrated along the CronkBonsall N\ASE crustal fault. Phases D3, D4 and D5 are
volumetrically insignificarand cannot be represented on this scale.

Phase Distribution Morphology Structural RelationshipsVolume of Total Dolostone
D1 Stratabound Replacive E-W 50%
D2 Non-Stratabound Replacive NW-SE 40%
D3 Non-Stratabound Replacive N-S <10%
D4 Non-Stratabound Cement NW-SE, N-S, NE-SW <5%
D5 Non-Stratabound Cement NW-SE, N-S, NE-SW <5%

Table 1Summary of the 5 dolostone phases identified on the Derbyshire platforms and their structural
relationships

The firstdolostone phase, Dccurswithin platform margingrainstones and packstonasa number
of localities along, or close to, the platform margin (Fidr7putcrop,D1dolostone has a bufirey,
sucrosic texture. It is fabric preserving at outcrop scale,-cugdsy stylolites and mouldic andggy
porosity is visible. Where th@olostoneis overprinted by later phases of dolostone, the fabric

changes, creating a finer grey coloured texture, with lower visible porBgijt§.(Reaction frontsfor
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D1 dolostonavithin platform margin facies are diffuse, with patchy dolomitizaticzurring up to 3m

away from the main dolostone geobo(ddig.7)

Fig.8:Dolostone Texture: A) Sucrosic, oy dolostone within platform margin facies. Horizontal
stylolites are seen to cresat dolostone (S). Around craggting fractures, there is a texture change

to greyfine crystalline dolostone. This is overprinting later dolostone phases (O); Bartial
dolomitizaton of limestone, orange patches are where partial dolomitization of the limestone has
occurred (D)

Geological mapping of D1 dolose indicates that it is evident iwo main areas; Harborough Rocks
areaon the southern platform margin, and the Matlaalea towardsthe south east platform margin
(Fig7). Fom mapping and crossections of ield and core data, D1 is estimated to forr0% of the

total volume of dolostone on the Derbyshire Platf@Rig.7

The Harborough Rocks area on the southern platform margithleahickest mappediolostone,

with D1 dolostone observed down to approximately 1®0below the Asbiarigantian boundary
within Golconda Mine. Fder away from the platform mgin, the deph of D1 extend®n average

up to 40m below thesurface ésobserved from core datapldolostonealso occursvithin isolated

reef mounds within the platform interior at Wyns Tor and Grey ToRJRigdadjacent toextrusive
Viséanlavas within the Matlock volcanic centre (FigHarborough Rockseservesa succession of
platform margin facies, all of whitfave been pervasively dolomé@. At the base, the facies display
slumping and sysedimentary deformation. Higher up in thsequence, bioturbation and
ThelassinoideBurrows are observed, and at the top of the sequence, crinoid and coral grainstones
dominate (Fid). At outcrop scale, dolomitization is fabric preserving, with sedimentary structures
(bedding, cross bedding, lamations, cross laminations), bioturbatiohhg@lassinoideburrows)and

mouldic porosity (formed from crinoid oslgis and corals) prese, facilitatingfield logging
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Fig.9:Facies analysis of Harborough Rocks.
Harborough rocks is the largest outciap
the field area, and is fully dolom#iz.
However it is fabripreserving at outcrop
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scale, allowing for logging and facies
analysis. The facies identified indicate this
is a platform margin succession; A)
Brachiopod Wackestone. Deposited directly
abowe a karstic surface (red line) in the
Brigantian, this facies demonstrates
deposition in lower light levels due to the
reduction in diversity and transition to a
heterotrophic assemblage; B) Brachiopod
Coral Grainstone. The faunal diversity
found within tle facies, as well as the
composition, coarse texture and preserved
sedimentary  structures allows the
depositional environment for this unit to be
interpreted to be on the reef, or fore reef in
a high energy environment; C) Bioturbated
Skeletal Packstone. Ffis facies occur
stratigraphically above the Deformed
CoralBearing Floatstone. It is pervasively
bioturbated byThalassinoidelsurrows. The
depositional environment of this facies is
interpreted as upper slope, due to the-syn
sedimentary deformation; )D Deformed
coratbearing Floatstone. This facies
, accumulated in a slope setting, with
1 \ A material, including shell and coral
gt Skmpe 6o alng fragments shed off the stratigraphically
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slumped down slope.

Within the Matlock area, Dik strongly stratabound, formingoth above and below the Upper and
Lower Matlock Lavasand above tuffs, as well as being confined to intervals above or below exposure
surfacesMineralization is observefdrming at the contact between dolostone and limestone, as well
as along exposure gaces (Fig.10Jn Wapping Mine, located ithe centre of the Matlockolcanic
Complex, dolostondoth replaces limestone, and fornmes white, omque cement withina fault
breccia along an-® orientated fault £ig.5. Using outcrop and core data the distributiontioé D1

dolostone was determined.
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;“ | La\‘taS (Altered)

Fig.10: Relationship of dolomitization with lavas and mineralizationD@pmitizationabove the

Lower Matlock Lava @vas, Altered) and associated Tuff. Lavas are heavily altered, showing a green
colour.Contact between the Lava and the Tuff is sharp (arrowed) whilst the boundary between he tuff
and dolostone is diffus®olostone D1 is buffrey aboe the lavas; B), Calcite, Baryte and Galen
mineralisation at dolostonémestone boundary within Masson Cavemmowed.

4.5.3 Petrographic and Crystallographic CharacterisatiodDblcstone

In thin section, D1 dolostorie fabric destructivevith dolomite crystal size preserving a subtle fabric

as finer crystals occur within packstone facies compared to grainstone faciesnipissed of clean,
limpid, planafe to planars dolostone rhombs. The coarsest dwite crystals are withiallochemrich
grainstones towards the platform margiid.1), and crystal size is reduced where replacement of
micrite matrix occurredHig.1). Crystal size varies from 0.4 to 1.3mm in diametet ¢ystab
become more euhedral as crystal size incredBigy.1). Huid inclusions within these crystals are
single phaseWhere dolomitization is incomplete, individubblomite crystals formvithin micritized
allochems (Fig.11). Where dolomitization is complete, dolomite crystals form a lining to the base of
crinoid mould (Fig.11)The dolomitehas a distinct yellowwrange Clunder electron citation with

small redderCLinclusions Kig.1). Recrystallization by later phase$ dolomitization forms planars

to nonplanartextures, and a change from orange to @dFig.1). There is no Zone 3 calcitement

within the dolostone(Walkden and Williams, 1991). Within the surrounding limestones on the
platform margin, there are only minor amounts of Zone 3 observed within the platform margin facies
(Fig.11).

Page |76



Fig.11:Dobstone petrography;
A) Photomicrograph, PPL,
Dolomitized grainstone,
composed of clean, limpid,
planare to planars dolostone
rhombs intercrystalline
porosity n; B)
Photomicrograph, CLdlistinct
yelloworange CLwith mouldic
porosity (M) and dolomite
sediment at the bottom of
crinoid mould (arrowed) (R); C)
Photomicrograph, PPL, Partially
dolomitized wackestones.
Dolomite crystals are seen to
form within micrite matrix

20 (arrowed). No porosity change
Average is observed; D)
Photomicrograph, PPL,

Undolomitized pitform margin
limestone. Only minor amounts
of Zone 3 cement as described
by Walkden & Wiliams are
visible (Z3, arrowed); E)
Dolomite crystal size within D1.
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4.5.4 Volcanics

Samples of lavas were taken from Temple Mine, Gratton Dale and Gurdall WerslbgledFig.2).

The lavagrom Temple Mine in the Masson Hill igneous centre agal alteredwith less intense

and very minor alteration observed within the samples from Gurdall Wensley and Gratton Dale
respectively. The lavas atemmonly vesiculafine-grained olivine basalts containing amygdales of
carbonate or chlorite. Where unaltered, the primary igneous mindcalkassemblage is composed

of olivine, clinopyroxene, orthopyroxene and plagioclase, of an ebaiset composition. The lavas

are highly brecciated and veined by carbonate mineFadsX3.

Petrograplic and geochemical (XRD) analyses of alteration of the primary olivine and pyroxene shows
that it resulted in the formation oflay minerals, (illite, chloritemectite and kaolinitecalcite, quartz

and minor pyrite Kig.13. In thin section, bvine displays various alteration minerals includiag
oxide,chlorite andcarbonate with pyroxenescommonly replaced by chlorite or calc{tég.12) This
alteration leads to a colour chamgwith the lavas becoming paler and greener in appearance with
increasing alteratiorHg.13. Calciteoccursas a cement filling amygdales, and replatiegmatrix of

the lava.Calcite replacing the lava matxe anhedral, forming poikilotopic spar up 2mm in
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diameter.There are monomineralic chlorite reaction rims around these calcite filled amygdales, with

the calcite displaying metasomatic textureiy(13. UnderCLthe calcitehas a yelloworange colour

Kaolinite 26.6
15000 123
llljte-Smectite . .
lllite-Smectite
Olivine
Kaolinite 35
Pyrite
33.1}

10000

lite-Smectjte A‘ \ 1 ‘ ‘ j
RN LT

0 10 20 30 40 50

Fig.12 Viséanextrusive lavas within the Masson Hill area; A) Core photo of lava shoaliitg
amygdales within the basalt (CA). Core on the right hand side of the image iaterm@lyaltered

that the core on the left hand side); Bhin sectiomicrograph,PPl.Amygdalewithin altered basalt
matrix. The eygdale is lined bg chlorite rim (Ch) and filled with calcite displaying metasomatic
texture (MC), Basalt matrix displays feldspars (F) and altered oliviiig X®D traces of the altered
lavasshowing altertion minerals lllitesmectite, kaolinite, quartz and pyrite as well as oli\Bp& hin
section micrographCL. Chlorite rim to amygdale is ntuminescent, with metasomatic calcite fill
displaying brighCL Metasomatic calcite is also seen within the nrateplacing primary minerals
(MC).

4.5.5 Silica

Silica rich limestone was observed on Masson Hill anticline, on the south east platform ma2yin (Fig
as well as occurringn proximity to an BV orientated fault at Gratton Dale. These localities ar
proximal to the Vi&an extrusive volcanics, observed both at Gratton Dale and Masson 2l (Rig
the field, silicificatioris not facies selective, but occues discrete bodies, up to 5m in diameter

locatedat the apex of the Masson Hill anticlinedan proximity to fault¢Fig13).
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Fig.13:Silica within the limestones around thiensal Dale Limestone Formation in tMasson Hill

area; A) Distribution of silica in the Masson Hill ar8;Thin section micrograph showing almost
complete replacemertf limestone by quartz. Remaining calcitic allochems arrd@)dchin section
micrograph showing partial replacement of limestone by quartz. Replacement is seen to preferentially
occur within the micrite matrix, witarge quartz crystals arrowed

The sika is replacive, forming an anhedral mosaic composed ah@Sized crystals where most
pervasive, with a diffuse boundary into unaltered limestone ovemAFig.13) Where silicification is
incomplete, individual crystals are euhedasald smaller, at .Q-0.3 mm (Fig.13) The timing of the

silica relative to dolomitization is unclear as two phases have not been observed together. However, it

predatesfluorite, barite and calcitenineralization observed through crossitting relationships

4.5.6Mineralization

Mineralization, composed of calcite, fluorite, galena and bardsscutsD1within fractures (Fig. 14)
and is commonly found at the boundary between dolostone and limeg@ge Golconda Mine,
Temple Mine, High Peak uy, Masson Cavern iig2). Wheremineralizations pervasive the host
dolostone tends to beedolomitized (Fig.4). Mineralisation can form veins that are horizontal, as in

Fig.10 or verticadub vertical, as in Fig.14.

Fig.14 Mineralization crossutting
dolostonecemented breccia within
EW fault, seen in Wapping mine
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4.5.7 Geochemistry
D1 dolostone is neatoichiometric with CaG& 48.94 to 52.12% (Fig.15), with an average of 50.5%.

230 Fig.15Dolomite
stoichiometry vs ordering
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Carbon & Oxygen Isotopes

Table2 summarizes the carbon and oxygen isotopic compositiondole rockimestone,unaltered
brachiopodshells, calcite cementsand whole rockdolostone (D1) samples. Brachiopodisotopic

AA3Y I (G dzNB a BON3-2y7350D v MEBDBF yIR®O =-2.8 to-n @ y\VPDB(n.2) Dolostone

isotopic signatures range from®C=-2.7 to 0;& VPDBand!®0=-2.8 t0-5.01: VPDRN.23).The

Y S I y°C valuesd ¥C = -0.6: VPDBN.23) of the dolostone are more depleted than those of
limestone and brachiopodsfC= 22 and0.5: VPDBespectively)i %0 stable isotope signatures

of D1 dolostonevary spatially, between the Matlock area and the southern platform imangth

more depleted values®0=-4.1: VPDBh.11at the Matlock area, proximal to the volcanic centre

and extrusive volcanicspmpared to average values of0 = -3.4: VPDBnN.12 at the platform
margin(Fig.16.)No spatial trend is observed withineth'3C of the doloston€Fig.16) Thedolomite

cement taken from th&W fault breccia has one of tHe 2 ¢ S & (i ¥/Y SH W@ valuesf all the
investigated dolstonest *C=-1.52: VPDB!1®0=-5.01: VPDBespectivelyDolomitized wall rock

Ay GKAA TFldz & KI a Fc=org KUPBENI*O=34279: 2 /BD®espactiv@ly | ( dzNS
/' EOAGS OSYSyid LINBOALRIGLE (S RCloY BGthayarelmeré depldtel S& Ay
thanViséara S I ¢ 'CS-Ng8: 1VPDBand+ *0=-3.0: VPDB

Fig.16 Carbon and oxygen isotopic compositions of the investigated limestone, brachiopods, calcite

and dolostone samples
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Phase Location Sample 10°d™°C,ppg 10°d™ Oy pps
Limestone Ballidon Hill BH13 1.6 -3.2
Limestone Standlow Lane Kinveton SLK72 3.2 -4.1
Limestone Gratton Dale GD-11-3-04 3.5 -5.3
Limesotne Longcliffe LC62 1.4 -5.5
Limestone Brassington Quarry BQ-01 1.4 -5.6
Average 2.2 -4.7
, _ Table2: Carbon and
Brachiopod Four Lanes Wirksworth FL42 0.3 -4.1 . .
Brachiopod Four Lanes Wirksworth FL41 0.8 .42 OXygen Isotopic
Average 0.5 -41 compositions of the
_ investigated limestone,
Calcite Amygdale Gurdall Wensley GW7 -1.6 -3.0 . .
brachiopods, calcite and
Dolostone D1 Harborough Rocks HR14-3-05 -0.7 -28 dolostone samples.
Dolostone D1 Harborough Rocks HR9 -0.8 -3.0
Dolostone D1 Carsington Pastures SSK 56662 -1.4 -3.1
Dolostone D1 Carsington Pastures SSK 56632 -2.5 -3.1
Dolostone D1 Harborough Rocks HR6 -1.4 -3.1
Dolostone D1 Harborough Rocks HR7 -0.8 -3.2
Dolostone D1 Harborough Rocks HR-14-3-01 -1.5 -3.3
Dolostone D1 Harborough Rocks HR-20-3-02 -15 -35
Dolostone D1 Ryder Point Quarry RPQ-20-3-01 -0.7 -3.6
Dolostone D1 Gurdall Wensley GWA4A -0.3 -3.6
Dolostone D1 Gurdall Wensley GW4B -0.3 -3.7
Dolostone D1 Harborough Rocks HR1A 0.4 -3.7
Dolostone D1 Gurdall Wensley GW1 -1.9 -3.8
Dolostone D1 Coal Pit Rake CPR2 -1.3 -3.9
Dolostone D1 Harborough Rocks HR1F 0.8 -3.9
Dolostone D1 Harborough Rocks HR1B -0.2 -4.0
Dolostone D1 Gurdall Wensley GW3 -0.7 -4.1
Dolostone D1 Temple Mine T™M8 1.0 -4.1
Dolostone D1 Coal Pit Rake CPR3 -0.7 -4.1
Dolostone D1 Temple Mine T™M5 1.1 -4.3
Dolostone D1 Temple Quarry TQ1 0.1 -4.3
Dolostone D1 Upper Wood uwi -1.4 -4.6
Dolostone D1 Wapping Mine wMm21 -0.3 -4.8
Dolomite Cement D1 Wapping Mine WM22 -5.0 -15

Strontium Isotopes
Table.3summarizes thetrontium isotopic compositions of the investigated distone, brachiopods,

calcite,dolostoneand lava sample3he strontium signature of unaltered brachiopod shell} &8/
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86Sr tr 0.7078 (+ 0.00004)the same a¥iséanseawater signatures recorded by Buekeal.,(1982).

Averagedolostone®’Sr/8Sr = 0.7084+ 0.00004(n.9) aremore radiogenic than seawater, however

there is a slight spatial trend, with more radiogenic dolostone signatures at the Matlock igneous

centre®’Sr/8Sr = 0.708%+ 0.00004)n.2) (Fig.17) in comparison to samples taken from the platform

margin at Harbarugh Rocks and from isolated reefs in the platform inté¥i®r/%¢Sr = 0.708%+

0.00004)(n.5). The strontium signature of unaltered basalt taken from Gratton Dale is significantly

less radiogenic than seawater®®r/%Sr = 0.7046+ 0.00004)Fig.17. Altered lavas sampled from

the Matlock igneous centre have a strontium signature closés@anseawater at’Sr/®°Sr = 0.7080
(+ 0.00004)n.2) (Fig.17).

0.7090

Fig.17 Strontium isotopic
compositions of the
investigated limestone,
brachiopods, calcite,
dolostone and lava

Table3: Strontium
isotopic
compositions of
the invetigated
limestone,
brachiopodcalcite
dolostone and lava
samples

°

0.7088

0.7086

o

. 0.7084
b
2 ™
(7]
= 07082 y samples

0.7080

® Dolomite
07078 A 4
® A Brachiopods
Limestone
0.7076
0.000 0005 0.010 0015 0020 0025 0030 0035 0.040 0.045 0.050
1/Sr

Sample Lithology 10°d°Gppe ~ 10°d*®Oyppe Sr ppm + 2SE 1/Sr 87Sr/86Sr_ti
BC-01 Limestone 1.31 -7.51 173.5 0.004 0.006 0.70804:
BQ-01 Limestone 1.43 -5.6 22.0 0.000 0.045 0.70868¢
HGC-02 Limestone 1.64 -7.54 452.4 0.046 0.002 0.70787¢
GW3 Limestone 1.51 -5.1 313.6 0.020 0.003 0.708181
Mil Brachiopod 1.8 -2.1 351.8 0.007 0.003 0.70782¢
MI3 Brachiopod 1.9 -2.5 727.2 0.018 0.001 0.70780¢
GDL1 Lava - Basaltic 350.7 0.031 0.003 0.70469¢
GDL2 Lava - Basaltic 265.1 0.013 0.004 0.70800¢
Gwi Lava - Basaltic 287.5 0.014 0.003 0.70800¢
HR-14-3-01 Dol 1 -1.53 -3.31 85.3 0.002 0.012 0.70852¢
HR14-3-05 Dol 1 -0.68 -2.77 105.4 0.037 0.009 0.708511
HR-20-3-02 Dol 1 -1.49 -3.49 97.2 0.003 0.010 0.708281
RPQ-20-3-01 Dol 1 -0.74 -3.64 63.5 0.001 0.016 0.70820¢
GW4 D1IC -2.7 -4.1 34.1 0.002 0.029 0.70883¢
GW5 D1IC -2.3 -4.3 294.0 0.027 0.003 0.70777:
WT-01 Dol 1-2 0.93 -3.18 30.1 0.001 0.033 0.708581
WT2 Dol 1-2 0.61 -3.76 45.2 0.001 0.022 0.70861¢
GT01 D1/D2 1.0 -3.8 52.9 0.002 0.019 0.70864:
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Magnesium Isotopes
I SNI IS YI Ay SEaAdzY’M-aD0 9 bIx O-DFRKo1ERS @4)were determined
from dolostone samples from the southern platform margin at Harborough Rocks and the Masson Hill

area.

ICPMS

Total REE concentrations within the dolostone rang® 99.6 to 226ppmand are lower than that

observed within the whole rock and brachiopsitell samples, ranging frord21 to 581ppm REE

patterns are similar for aflolostonesamples analysedboth at the platform margin and from samples

in the Matlock igneous centre (Hi§). All dolostone, whole rock limestone and brachiopod samples
RAALIX & | NBflFIGA@Ste tFNBS yS3alaAagdS / SFighgf2Yl f &z
The whole rock limestone and brachiopod shell HREE profile which is relatively flapndolost

samples show enrichment in Y and Yb, and relative depletion in BmndTou (Fig.18).

100.00

Concentration PPM

La Ce Nd Eu Gd Tb Y Tm Yb Lu

Fig.18 REE profiles of Dolostone samples, Brachiopod sampl¥sséadavas (Lava data taken from
Macdonald et la, 1986). HREE profile of dolostone is seauitdteithat of the lavas.

4.6 Interpretation

4.6.1 Timing of Dolomitization
Dolomitizationof dolostone phase Dis fabric retentive in the field, and is stratabound, occurring

only within platform margin grainstones and packstones, or alBlg orientated faults The
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formation of dolostone both above and below lavas within the Masson Hill area shows that they may
have had a control on dolostone distributiddolostone D1lis crosscut by stylolitesand therefore
predates pressurdissolution, which implie®rmation atless tharB00m burial depth&chol & Schol,
2003. D1 Planare and Planas dolomite crystalscontain monephase primary fluid inclusions
indicating crystal growth at temperatures of €5QGoldstein & Reynolds, 1997 he absence of Zone

3 ements indicated thatD1l dolostone formation either predates or is concurrent, indicating
formation inthe Serphukovian or earli¢Walkden & Williams, 1991This is potentially important to

the evolution of porosity, since across most of the DerbydPiagform, Zone 3 calcite cements
occluded most interparticle porosity, thereby restricting the circulation of subsequent diagenetic
fluids primarily to faults and fractures (Walkden and Williams, 1991; Hollis and Walkden,TB@02).
formation of dolomite ement within the BV orientated faultss the final phase of D1 dolomitization
could have resulted in the effective sealing of these faults to later dolomitizing fluids during deep

burial diagenesis.

4.6.2 Timing of volcanic alteration

Altered lavas are aerved within boreholes, away from the effects of surface weathering indicating
that alteration is not likely to be the result of modern surface processes (Fith&2eplacement of
primaryiron-magnesium rich mafic minerdislivineand pyroxenejo produce an assemblage dhy
minerals, (illite, chloritsmectite andkaolinite), calcite, quartz and minor pyrigeconsistent with the

low temperature (<100°C) alteration of the lavas via interaction with seawater and/or meteoric fluids
(Lovering, 194p

The oxygen isotopic signature of the calcite cement formed within the lava groundmass and within
amygdalesi(*®*0=-3 nl) is similatto calcite precipitated from seawatér'®0=9.6 to-6.8 Walkden

and Williams, 1991), however thé*Cis isotopically lighter {£3C=1.6) than seawater!(*C=1 to 2).
Assuming a mantle signature of arouridC=4 [Deines, 200R, carbon sourced from the lavas during
GKA& FEGSNFGA2Y 6AGK aSk gl GSN) ¢g2dzf R 0 Senxkh@2 (2 LA O
precipitated calcite could be depleted with respectMiséant *Geeawater The occlusion of porosity
within the lavashy these calcitecementsmeans that they most likelgcted as flow barriersduring

later diaggenesis Ford 2001 Hollis & Walkden, 200g with calcitefluorite-barite-galena
mineralization concentratedeneath laves, and observed to benost intense at the boundary
between limestone and doloston&V@lters & Ineson, 1980~ord 200). Unaltered lavas sampled

from Gratton Dalelocated4.5km from the platform margin and not associated with dolomitization
have a depleted strontium signature®®rf°Sr_tr=0.70453 typical for basaltdMenzies & Seyfried,

1979. Lavas proximal to dolomitization in the Masson Hill ,anddch show significant alteration,

have a signaturthat resembled/iséanseawater(0.707887Sr/86Sr ) suggesting that seawater was
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responsible for the alterationThere is a concentratioaf silica rich limestones at the apex of the
Matlock anticline in proxmity to the igneous intrusive sills and extrusive lavas (Fidi&E8g, silica
lines EW orientated faults which is possibly the result of silica released from the mafic minerals in the

production of carbonate and clays during argillic alteration.

The aleration of the lavas occurred during théséarwhere they interacted with seawater, as well as
driving its convection on the platform margifhe presence of replacive calcite cements within the
lava groundmass and withiresicles (amygdalesyggests tht the lavas were not barriers to fluid

flow during theViséan

4.6.3 Dolostone Geochemistry

Calculation ofV'SMOW for dolostone and calcite samples was conducted using the methodology
outlined in Matthew &Katz (1977). This methodology is preferred as it works best for low
temperature systems. Temperature of lékan 50Care assumed in this case, due to morage

fluid inclusions Goldstein & Reynolds, 1994Averagel 0 VSMOW compositions of the fluids
responsible for dolomitization were calculated -8%: (30°Q, -1.38: (40°Q and -0.4: (45°Q
respectively. This indicates that the dolomitizing fluids were less enriched/tb@anseawater at

g: .¢ KS Y2NB RSadikesSséed Rithin bottblostone and calcite precipitateditiin the
lavas duringlterationindicates the carbon pool is not pureharine and that fluid rock ratios were
sufficiently high that the *3G.aer was preservedThe spatial trend observed withif®QOuolostone With
average-4.1: 110 at the Masson Hill area, aralerage-o @ n: %80 on the southern platform
margin could reflect differential fractionation as a result of temperature differentials, causttby

igneousntrusions which could have drivgeothermal convetion.

120 Fig19 Dolcstore Sr
concentration in ppm vs. %
100 MgCQ in  Dolomite. Sr
concentration is seen to
80 . decreaseas MgCQ content of
. . dolomite increases.

Sr(ppm)

47.0 47.5 48.0 48.5 49.0 49.5 50.0 50.5 51.0 51.5 52.0
% MgCO; in Dolomite

The s$rontium isotogc compositionof D1 dolostone areslightly enriched in comparison Wiséan

seawater, and mgnesiumisotope values of Mg -m ®o y p:': NG -Y=R o-Mmido 0: T Yy dn O
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suggest that the dolomitizing fluids had some interaction either with volcanics or siliciclastics. The
distribution coefficient@s ™) for Sr irstoichiometric dolomite is 0.0118, which is seen to increase

by ~0.0039 for each additional mol% Ca@nonstoichiometric dolomite (Vahrenkamp & Swart,
1990). D1 dolostone is neatoichiometric with CaG® 48.94 to 52.12% (Fig.15), with an average of

50.5%. Sr concentration is seen to decrease with an increase ir; K 09).

The preservation of enriched HREE witBihdolostoneimplies there were high fluitbck ratios, and
the dolomitizing fluids interacted with the volcanieg/Ce analysis showlsat somedolostone values
display a seawatesignature with a positive Ce anomaly, whilst some do not with more negative Ce

anomalieqFig20). The dolomitizing fluid composition is therefore an altered seawater.

Fig.20: Pr/Ce analysis of

Pr/Ce Analysis: Dolostone vs Limestone whole rock dolostone and
1.20 limestone samples.
10 +ve La anomaly Samples with a preserved
‘ | seawater signature lie
+ve Ce anoma e Lo
1.00 Y Y >  within the highlighted
. 0.90 o ¢ grea. Whgle . r.oc.k
agg : Ilmestones mainly lie within
< 080 o this area; however
] * o
£ 070 . contamination of later
M burial calcite cements may
0.60 . .
[J Dolostone O
o o erpl)Ialtn the . others'.th
_ o olostone varies, wi
0.50 € Limestone a O lg .
0.40 some samples having a
0.70 0.80 0.90 1.00 1.10 120 Seawater - composition,
(Pr/Pr¥*) however some samples lie

outside of the area.

4.6.4 Structural controls on the Derbyshire Platform development

There are three main fault trends observed on the Derbyshire PlatftWdSE, BV and NS, with
the EW and NS faults forming as splays off major crustal-8E&Vfaults (Fig.21¥Lrosscutting
relationships show that-&/ faults were created before the 8trending faults, and the association of
the earlypost rift dolostone I with EW faults strongly suggests that they were open during

seawater circulation and D1 formatidrhese faults were later sealed by dolomite cenfEig.5)

N-S faultsdisplay hydrobrecciatiorgolomitization phase D&8nd are host to significant quatiis of
mineralisation(Fig.4, Fig.6)The crosgutting relationship and association of later fazdttrolled
dolostone phases and mineralisation associated with fidlults is consistent with them palsting
extension, and the presence of mineralisatidong them would suggest that they were open during

N-S compression at the onset of the Variscan Orogeny.
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Areas of fault interaction and intersection are seen to be important sites for fluid flow and
mineralization (Peacock, 201This is observed ah¢ intersection between the-8/ and NS faults
where large dissolution cavitieare formed, filled with mineralit@n and associated with the

dedolomitiation of the NS orientated dolostone hal@sig.6)

|

NE Bedding Surface

Minor vertical displacement on the

Dolostone Halo to N-S fault N f
strike-slip faults

E-W Orientated Fault
N-5 Extension
E-W & N-S Fault Intersection Hosts minor mineralisation
Hydrobrecciation Dolomite sealingcement
Site of Dissolution cavity formation
Hosts Mineralisation

Enhanced fluid flow where fault reactivation occurred

N-S Orientated Fault
N-5 compression
Hvdrobrecciation

Hosts Mineralisation

Diagram not to scale
Fig.21:Relationships between® and NS faults as observed at CromfordlVHaultsare seen to be
crosscut by N-S faults.Both form as splays off major crustal Nl faultseW faults are host to
minor amounts of mineralization and have dolostone fsedliingcement. NS faults are host to
mineralization and have a dolostone halo. Dissolution cavities are seen to form at the intersection
between NS and BN faults. These are host to mineralization and are associated with the
dedolomitization of the 1§ dolostoa halos.

4.7 Discussion

4.7.1 Timing, Origin and Composition of dolomitizing geothermal fluids

D1 identified in this study is the first phase of dolomitization. It is stratabound and fabric retentive
destructive with rhombic/sucrosic crystals, all of whente consistent with low temperature

dolomitization.

Evidence for dolomitization through seawater from data in this study is first evallzdbdc
retentive dolomitization typically occurs during seawater dolomitization with high Mg/Ca ratios (e.g.
Budd 1997 Kaczmarek and Sibley, 2003tableoxygenisotope daa indicatethe fluid source is
potentially from seawatert {0 = -2.8 to-n ® y/PDR and single phase fluid inclusions indicate
temperatures of <5T. Pr/Ce analysis of dolostone samples shows that most samples reflect a

seawater fluid composition (Fig.20).
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However, theHREE profilavithin the dolostone is not entirely consistent with seawater (Fig.18),
whilsti K S R S 13 of B1Si&ostone inditathat the dolomitizing fluid may not have been pure

seawater.

REE signatures of dolostone will mimic the bulk rock signature of the precursor limestone, except at
high fluidrock ratios. Since the*CyoiostoneiS lighter than would be expected fdiséan seawater, high
fluid-rock ratios, and mixing with another fluid is implied. Further evidence that indicates a mixed
seawatermeteoric fluid composition is the magnesium and strontium isotopic composition.
Dolostone D1 magnesium isotopic compositiorept§ a norseawater composition, whilst the
strontium signature is more radiogenic than is expecte¥/is¢anseawater Average *OVSMOW of

the dolomitizing fluids-8.5: to -0.4: at 3045°Q, show that they were less enriched than

Carboniferouseawater at0 .

Zheng & Hoefst (1993) described three ididt geochemical origins of ginermal fluids in terms of

carbon and oxygen isotopic compositions:

1. Magmatic or dee@i S G SR ONXMza ( | £1°C Fafuez/siRilr tastkeAn@rival idantie 1
value (fom-9 to-n:': 0

2. Subsurface meteoric water or groundwater, whichisaopically light **Cdue to latitudinal
and altitudinal fractionation

3. { SI 61 GSNE ¥p KIA PoRvaluédordtheViséanof 1.5to-n:c +*t 5. | yR bm G2
VPDB, respectively (Bkscheret al. 1999; Prokoplet al.,2008; Grossman, 2012)

Purely magmatiR SNA SR T %A KRa2 KHMS G KS NESOSMINSsRggeRtaf 2 4 (1 2
fluid that was depleted in oxygen, which is most typical of meteoric water. If dolomitization was
concurent with the meteoric Zone Galcitecements(with { 2FOSMOWG) as described by Walkden &

Williams (199} (Table.¥ dolomitization was made thermodynamically favourable through the mixing

with Viséanseawaterand possible input of GGand magnesium from lavaesulingin the dolostone

1180SMOWL observed.¢ KS Y2 NB !RCSvhlie$ seSnRwithin both dolostone and calcite
precipitated vithin the lavas duringlteration could also reflect an influx of meteoric water, as this

would result in a signature more depleted than seawater as is observed
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Inclusion Inclusion Homogenisation L mMmyhg

phase  Morphology CL Density type 10°d**Gpos 10°d*®0,ppg  Temperature (C) Fluid Salinity  6:: 0
fibrous-acicular (platform
Zone 1 margin), bladed (platform Non-luminescent turbid ? 73.4 to Ti1976 to 16.38

interior)
fibrous-acicular (platform

Zone 2 margin), bladed (platform Bright turbid ?

interior)

Blocky, metasomatic texture, .
Zone 2A poikilotopic Bright Yellow turbid Fluid 16 s
D1 Planar - e, Planar -s Moderate turbid - limpid ~ Fluid 0.9 (0.8t0 -2.5) -3.4 (-2.8t0 -4) - - -1.38
Zone 3 ? Dull ? ? 0.6t03.2 i15.0 t-o i5.5 -6
Zone 3A  Columnar Dull Brown ? Fluid 23(0.7t03.70) 10. 3 (i 12. 57.3(3561t080.6) 58(0.7510

13) 2.3

Table 4 Summary data of calcite cement zones (data form Walkden & Williams, 1991; Hollis &
Walkden, 2002), Zone 2A calcite cement precipitated within lavas, and dolostone phase D1.

Given the association between dolomitization and volcanics, it is plausible to consider a magmatic
origin of the C@ CQ-rich waters are known to occur at the boundaries of volcanic geothermal
systems and around active volcandgeging & Sanson999. The!“C content within these G@ich
geothermal fluids is low due to extensive dilution*t§dead carbon from the deep mantle source
(Deines, 200R An increasedoncentration ofCQ elevatesthe reactivity ofthe fluid by maintaining
relatively low pH, thus increasing the rate of dissolution of many common primarfonoiikg
minerals Resing & Sansonk999. The effect o£Q on thet 0 signature will be insignificardue to

the dominance of oxygen supplied byCHZheng & Hofst, 1993) HO isseen to bethe most
common gas exsolved from volcanfumyweverGO; exsolution frombasaltic magmas can also occur in
significant concentrationsGerlach, 1980; Giggenbach, 199Buring interaction of seawater and
basalt, the dominant effect is the production of acid by the precipitation of chlorite, driven by
reaction of Mgin seawater with Al and Si from the basalt (Reed and Palandri, 2009). This would

therefore inhibitdolomitization from seawater

Subsequent to serpentizatiohpwever, the dissolution of serpentine resuhisremovalof H™ from
the reacting fluids(eq.1), and the precipitation of chlorite (in the eq.2 the end member of

chlinochlore is presented), the result dhieh is the precipitation of acid (eq.:2)
Mgs [SbOs](OH) + 6H => 2SiQ (ag)+ 3MHag+ 5HO (eq.1)
5|\/|g2+ (ag) T 2A¥F (aq)+3SiQ(aq)+ 12H0 => MgsAbSEQo(OH}(S)+ 16H(aq) (eq.2)

This leads ta high concentration ofMg and Si®in reactive waters (Barnes et al, 196from
Marqueset al.,2008. Macdonald et al (1984) reported serpentenization of enurian sills in the
MassonHill area Dssolution of this serpentinby the convecting fluidsvould have increased the
Mg/Ca ratio andimproved its dolomitization potential Lowernstern (2001) demonsted that
CQJ/H20 solubility varies as a function of depth of volatile exsolution, andsdility in basalts

displays a prograde nature, indiceg that C@sourced from deeper ithe system would result in the
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generation of acidity closer towards the surfdcecalised dolomitization through the interaction of
seawater with mafic dikes has been documented (Bloread.,2017) showing that the interaction

with seawater and mafic intrusives does improve the kinetics for dolomitization.

Further support for the contribution to dolomitization from fluick interaction with the volcanics
comes from HREE datMlinerals and ediments commonly inherit the REE signatures of their parent
fluids, such as seawater, meteoric water and hydrothermal fluids (Lottermoser, 1992; Webb and
Kamber, 2000). Marinearbonatesnherit the REE signatures of ambient seawaggcept for sligh
depletion of heavy REE (HREH)et al.,2017) These REE signatures are raatically changed during
dolomitization, provided that the dolomitization occurs in seawhker fluids (Banneet al., 1988;
Qing and Mountjoy, 1994; Miura and Kawabe, 2000; déarand Webb, 2001; Nothdur#t al.,
2004). However, dolomitizatiooy non-marine fluids (e.g. meteoric water angiagmatic or crustal
fluids) under high waterrock ratioscan significantly alter the REE compositiafsthe resultant
dolostone, preservinthe geochemical signature of the diagenetic fl{Mlrray et al.,1991; Webb
and Kamber2000; Shields and Stille, 2Q0dothdurft et al.,2004; Weblet al.,2009, Liuet al.,2017).

Ce is sensitive to redox conditions (Sholkatital., 1994) and Eu isnbwn to be more enriched in
volcanic rockghan sedimentary carbonates (Elderfield and Greaves, 1%2fcan be mobilised
from rocks during hydrothermal alteration, (Alderteinal.,1980; Taylor and Fryer, 1980; Palaeibs
al., 1986 Fulignatiet al., 1999), particularly during seawatbkasalt interaction (Fregt al., 1974;
Wood et al.,1976; Hellman and Henderson, 1977; Ludden, L%ifnilarly, the D1 HREE profile is

modified byinteraction of the dolomitizing fluids with the volcanics.

Strontium istopes from D1 dolostone areslightly enriched in comparison ftdiséanseawater.
Unaltered lavas sampled from Gratton Ddtated 4.5km from the platform margin and not
associated with dolomitizatioimave a depleted strontium signature & Sr/86Sr_t0.70453 typical
for basalts Menzies & Seyfried, 19Y.9Altered &vas proximal to dolomitization in the Masson Hill

havesignatures buffered to that ofViséanseawater af.707887Sr/86Sr 1t

Overall the evidence points to dolomitization through geothermal convection of a mixed meteoric
seawater composition fluid at high fluidck ratios, driven by the intrusive volcanigholomitization

could not have occurred from seawater during-gffnextrusive volcanism, as Mg would have been
scavenged from seawater during the serpentization. Consequently, scavenging of Mg is interpreted to

have occurred later, during the early paoist when the lavas were cooled (Fig.22).

Page |90



S N

Platform controlling fault — also hosted volcanism

[ <300m

Syn-depositional lavas

Early post-rift sills

Diagram not to scale

Fig22 Conceptual model dhe Derbyshire platform during the early past showing carbonates of
the Derbyshire Platform buried to <300m

At this time, tle carbonates that were dolomiéd were buried to <30t depth, and the intrusion of
mafic sills provided both the heat forahermal convection and GGhrough degassing (Fig.22).
Sufficient Mg was supplied by seawater (Frateal, 2014; Frazer, 2014) and additional Mg could
have been supplied through interaction of fluids with the serpentinized intru8eesgset al, 1967

from Marqueset al.,2008. Seawater also provides the necessary fluid volumes to produce-a non
rock buffered signature. GOould have been provided from degassing intrusives, altering'toef

the dolostone the timing of which coincides witlhhe meteoric calcite phase Zone 3 (Walkden &

Williams, 1991).

4.7.2 Modelling Geothermal Fluid Composition

The dolomtizing fluid composition has beenodelled based on end member compositions. The first
fluid isViséanseawater, the second is meteoric water (as per Zone 3, Walkden & Williams, 1991)
Models are based on the general hydrothermal carbrygen isotopic mixing equation as set out in
Zheng & Hoefs (1993);

104 60 0] 6 1 Gda 640 p
+ ) 13CE (1 180G P) 180
+(P71800) BCO )180G) BCGY =0

It is assumedhat Auid Ais Viséanseawaterwith a composition of 3C=2: (PDB)and+ 80 = {):
(SMOW) Huid B ismeteoric water with a depleted®™*Ccomposition ofl *C=-4: (PDBand1¥0=-
8: (SMQV) based on Zone 3 Walkden & Williams (1991). The fluid composition useds here

different to that of Walkden & Williams (1998s the original composition is thought to reflect rock
buffering, witht 3C= 0.6 to 3;2 (PDB)

The concentrationratio (P) of total dissolved carbon in fliBdMeteorig to in flud A (Seawater)

requiredto form the resultant gochemistry observed within the dolostone D1 has a wide range from
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0.2 to >10, with an average of {Fg.23)¢ K S NXB i Sy (€ BuggesThattthe Jyktem is not
rock buffered, and fluid rock ratios were high with a congm of M¢* derived from the intrusive

volcanics

Fig.23Mixing curves of fluid compositions

F2NJ YAEAY 3 2% (@82 (¥ dzA K
space, as defined by the equations in

Zheng and Hoefs (1993). FluBl is

Meteoric based on Hollis &Valkden

(2002) Zone 3&A K I 0 “®&+43a 6t 5. 0

| Fluid A: Seawater

0 Iy R®¥O1=-0:': 0 { a hldidoATis C
Viséanseawater1%C=:2 6t 5. 0 YR
a1t 180 = =0 6{ah209® t Aa

concentration ratio of total dissolved
carbon in fluid B to in fluid A. The blue
area on the graph shows thmange of
dolostone compositions, whilst the red
line shows the average dolostone
composition, with the red dots indicating
the fluid composition of individual
! ; Fluid B: Meteqric dolostone samples.

0 -0.5 -1 -1.5 -2 -2.5 -4

53C PDB of Fluid (%o)

580 SMOW of Fluid (%o)

4.7.3 Modelling Dolomitization Potential

Geochemical modelling using PHREERES been conducted to calculate the reactivity of
Mississippian seawater, to estimate the quantity of fluids required for dolomitization, and to look at

the timescales over which dolomitization may have occurred.

In this study, the dolwitizing fluid compsition has been demonstrated to be a mix of seawater and
meteoric water. This mixing of meteoric water with seawateuld have reduced the dolomiiig
potential of the fluid, however, in this case, the addition of*Ntgm the intrusive volcanics would

have cancelled out this effect.

As the fluid chemistry of the meteoric fluid is not known, nor is the quantity 6fthMg was supplied
from the volcanics, PHREEQC models were based on Mississippian seawater chemistry as reported by
Demicoet al.,(2005) (Table)s It isassumed that the true dolomitrgy fluids would have had a similar

dolomitizing potential.

Fluid Temp pH Na K Ca Mg Cl S

Visean Seawater 35-45 7.4  A477E+02 1.12E+01 193E+01 4.46E+01 5.76E+02 1.90E+01

Table.BMississippian seawater chemistry as reported by Demica?@04&l, reported in mmol/kgw
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To run the PHREEQC models, theofnfluid required to precipitate 1 mole of dolomite at 20%
porosity (porosity estimated from petrographic observations) were calculated (see bEhmgpe
models run with an unlimited potential to dolomitize, provided for by mress concentration of
cakite, and thereactions onlycalculatedfor two equilibrium phases, dolomite and calcker these
calculations the molecular weight of dolomite (Mg,Ca@®)is taken as 184.4g, and the density of
dolomite is taken a2.84gcn.

2.84x106 gni/184.4g mot = 15401.3 mol dolomite 1)

1/moles precipitated in PREEQC/1000%ofiluid required to precipitate 1 mole of dolomite at 20%
porosity 2

m? of fluid x 12321.04 mdI= n? of fluidrequired to precipitate 1rhof dolomite at 20% porosity(3)

The data output from the PHREEQC models shows the volume of fluids required to fdraf 1 m
dolomite at 20% porosit§DolPot, Tablé). This has been calculated for fluid temperatures 623
(Table), based on the low temperatures indicated byediures, and single phase fluid inclusions.

From this, thetotal volume of fluids required from to form the total volume of dserved was

calculated:;
Total dolostone on Derbyshire Platform = 2.4 km 4
Total dolostonen Derbyshire Platform 2.40E+0®n® )
D1 (9% of total dolostone) = 9.60E-+DS8 (6)
DolPot x 9.6088 = total ni of fluid to form D1 @)
3.85E+11 Mississippian Seawater The values calculated show
3.84E+11 that even a small change in
temperature (i.e. 5°C) can
3.83E+11
- have asignificant effect on
£ 3828411
g the quantity of fluids
2 3.81E+11 . .
S required (FigR4).
E 3.80E+11
3.79E+11

Fig.24The total fluid
3.78E+11 volumegm?®) required for
D1 over temperatures

3.77€+11 ranging from 25 to 55°C

25 30 35 40 45 50 55
Temperature °C
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Temp°C DolPot TotalD1mi  Total Fluids mrequired for D1

25 320.2765 9.60E+08 3.07E+1.
30 318.991 9.60E+08 3.06E+1:
35 317.896 9.60E+08 3.05E+1:
40 316.956 9.60E+08 3.04E+1
45 316.151 9.60E+08 3.04E+1:
50 315.497 9.60E+08 3.03E+1
55 314.93 9.60E+08 3.02E+1:

Table.6Calculation of total fluids @required for D1 using DolPot calculafemn PHREEQC models
over temperatures ranging from 25 to 55°C

Previous models estimate the total dstione volume created through geothermal convection of
Mississippian seawater as 3.63E10w9 (Frazer, 2014). This is 4.90E+®8 greater than the
estimated volume of 9.60E+08%alculated in this studylhis disparity in the dolostone volumes
formed as a result of geothermal convection, is that Fraser (2014) modelled fluid convection through
the stratigraphic development of the platform, from tharly synrift to the early postift. This study

however, has shown that D1 dolomitization occurred during the earlyrifiost

Using the fluid flow rates for the early pa#t calculated in Frazer (2014), the timescale for D1
dolomitizaton has been daulated (Table )7 During the early postft (EC6), faults are seen to act as
permeability pathways, and seawater entering through the upper slope marginal grainstones had high

fluxes, up to 1 x 10kg st m=.

Temp°C Fluids required for D1 (ﬁ) Fluid Flux Time (Sec) Time (Ma)
35 3.81E+11  1x 10 kg &' m? 5.44283E+13 1.73
40 3.80E+11  1x 10°kg &' m? 5.42855E+13 1.72
45 3.79E+11  1x 10°kg §' m? 5.41426E+13 1.72
50 3.79E+11  1x 10°kg &' m? 5.41426E+13 1.72

Table.7Calculation of the timescale dblomitization in the early posift for fluid temperatures
ranging from 25°C to 50°C. Fluid flow rates for EC6 are taken from Frazer (2014).

The results show that dolomitization as described in this study is feasible and could have occurred
over ~1.7Ma. This fits in with the timescale of dolomitization occurring during the earlyifipand

with models by Frazer (2014), who calculated dolomitization during the eartyifptstoccur over 4

Ma. The difference in the timescale between these two eisctould be a result of the area over

which fluid circulation has been calculated. In this study, only the area which is seen to be dolomitized
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has been taken into consideration, whilst in Frazer (2014), the model covers the entire southern

platform margn.

4.7.4 Conceptual Model of Diagenetic Fluid Flow and Dolomitization

A onceptual models presented below that summarizes the mechanisnsyorrift and early post

rift dolomitizationon the Derbyshire Platform

SynRift

N-S rifting in theViséanled to the development ofarbonate platformson the footwalls of

reactivated NW-SE Caledonian basement faulgaser & Gawthorpe, 2003Pn the Derbyshire
Platform extrusive volcasm was dominant during the syift (345325 Ma) (Macdonaldet al.,

1984).

Dolomitization isstratabound and facies controlled, foundthin platform margin facies, anad i
association with the extrusive volcanics around the Masson Hill igneous. dérertabric and texture
of the dolostone, along withrimarymonophasdiluid inclusionsndicateformation at <~30t burial,
and at temperatures <50°Che association of the dolostone witAAEfaults strongly suggests that

they were open during seawater circulation and D1 formation.

Geochemical evidence points towardslomitization from a fluid with a mixed metecseawater
composition, with fluid circulation controlled by NSE and &V faults The preservation of an
enriched HREE profile implies there were high floatk ratios, and the dolomitizing fluids had

interacted with the volcanics.

Geothermal convection of seawater during the-gftnphase driven by volcanism and assodate
dolomitization has been demonstraté@razeret al.,2014; Frazer, 2014). Convection of seawater was
controlled by major NWGE lineamas, with these same lineaments exploited by the volcanism
(Fig.25).

Widmerpool Gulf Derbyshire Platform East Midlands Shelf

Fig.25Diagenetic fluid flow across the East Midlands Shelf, Derbyshire Platform and Widmerpool Gulf
during the sysift. Seawater is seen to circulate alonrgvHaults, with extrusive volcanism exploiting
the same NWSE crustal lineaments that control platform growth.
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However, this model does not take into consideration the geochemical impact of this extrusive
volcanism orthe dolomitizing potential of seawater during the sifiphase. Interaction of lavas and
seawater is shown to strip Mg from seawaf@teed and Palandri, 2009neaning that the
dolomitizing potential of seawater during this phase was reduced, and diakatinit was kinetically

unfavourable. This indicates that dolostone D1 was not formed syndepositionally.

Early PosRift

During the early posgift the style of volcanism changed from extrusiveirtrusive with the
production of doleritic sillMacdonatl et al, 1984). Rifting extensiomaned andhanging wall basins

were filled progressively by pelagic and transported sediment. At this time, the carbonates on the

Derbyshire Platform are envisaged to be buried to several hundred meters depth.

Meteoric fuids derved from gravity driven flow from the East MidlantigfBrm resulted in the main
porosity occluding calcite cement pha@one 3)on the Derbyshire Platform (Walkden & Williams,
1991).

Dolostone geochemistry indicates that the primary fluids dolomitization were a mixture of
seawater and this Zone 3 meteoric water thats convectingvithin the platform margin facies. The
drive for this convection was provided from the early gostntrusive volcanismwith fluid flow
controlled by the NWEE faults and &V splays that were active during the gift. As a result,
dolomitization was concentrated at the platform margin, proximal to the volcanics at the Matlock

volcanic centre, and along\¥ orientated faults (Fig.26)

In contrast to thesynrift, during the early postift, volcanism is seen to improve the dolomitizing
potential of the fluids, providing reactive Mthrough the alteration of the intrusive syift volcanics
(Barneset al., 1967 from Marqueset al., 2008, and C@degasig increasing the fluid reactivity
(Reed & Palandri, 20n9This is crucial to explain how there is so much more dolomitization observed

on the Derbyshire Platform in contrast to anywhere else in the Pennine Basin.

The last phase of D1 dolomitization wias formation of dolomite cement, effectively sealing tRé/E
faults. There was also progressive cementation of the extrusive lavas, through the interaction with
seawater. These factors combined meant that later diagenetic fluids coutkploit the samdiuid
pathways as the D1 dolomitizing fluids during the early-plistesulting in the preservation of this

early dolostone.
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Widmerpool Gulf Derbyshire Platform East Midlands Shelf

Sea Level

Diagram notto Scale
Fig.26Diagenetic fluid flow across the East Midlands Shelf, Derbyshire Platform and Widmerpool Gulf
during the earlypostrift. Seawater is seen tnix with meteoric water derived from gravity driven flow
from the East Midlands Platform to the east. These frirdslate along &V faults with intrusive
volcanism providing the geothermal dri®ratabound dolostone D& formed within the platform
margin facies and in proximity to the extrusive volcanics. The green zone on the Derbyshire Platform
represents the area in which fluid mixing occurred, and subsequent dolomitization within the platform
margin facies.
Late Pet-Rift
The quantity of dolostone produced during through this geothermal convection accounts for
approximately 50% of the total dolostone volume on the Derbyshire platform. The other 50% of the
dolostone volume is from fault controlled, basin derived whitizing fluids.Hollis and Walkden
(2012) and Frazest al.,(2014), proposedhat fluids were supplieffom basinal brines expelled from
the juxtaposed hanging wall basineading to the four later phases of dolomitization, D2 to D5,

identified in thisstudy (Table.1).

4.7.5 Comparison with other Dolomitization

Mississippian platform limestones in the Irish Lower Carboniferous show early replacement by planar
dolomite (Wright et al., 2003, Wright et al., 2004, Nagy et al., 2004, Nagy et al., 2005, Johnson et al.,
2009). As on the Derbyshire Platform, this dol@aitonmostly occurat the platform margin, but is

not as facies selective as on the Derbyshire Platform (Wright et al., 2003, Wright et al., 2004, Nagy et
al., 2004). Dolomitization is though to have formed under shallow burial conditions via interactio
with a lowtemperature (c. 570°C) slightly modified seawater via convection, driven by an elevated
geothermal gradient (Wright et al., 2003, Wright et al., 2004, Nagy et al., 2004, Nagy et al., 2005).
Whilst the method of fluid migration via convectidriven through an elevated geothermal gradient

is the same as the Derbyshire Platform, the composition and temperatures of the fluids involved
differ. On the Derbyshire Platform, the fluids are cooler (<50°C) and interacted with both meteoric
water and dgassing volcanics, recorded in the REE signature. However a similarity between these
two models is that they impacted the positioning of later dolomitization and mineralization by

impacting and redistributing porosity and permeability within the platfoarbanates and along
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faults (Wright et al., 2003, Wright et al., 2004, Nagy et al., 2004, Nagy et al., 2005, Johnson et al.,
2009).

Whilst there appears to be a similarity between the dolomitization through convection of an altered
seawater on the IrisMidlands and the Derbyshire Platform, the proximity and association with
volcanic activity on the Derbyshire Platform makes this setting unicplemidization formed in
association with syrift to early postrift igneous activitys rare, havingpeen desribedin literature

only in two other settings; IOthe Latemar platforn{Triassic, Italye.g.Zheng 1990Carmichael and
Ferry 2008Blommeet al.,2017;Jacquemytet al.,2017), and in the &vant region (Jurassic, Lebanon)

(Nader, Swennen, and Ellam 2Q04)

On the Latemar platforndolomitization was the product of seawatetdraction with mafic dykes
emplaced into the platform, resulting in dolostam&los 0.5 to 2.5nwide) formed aroundhe dykes
(e.g.Zheng 1990Carmichael and Ferry 20pmmeet al.,2017;Jaquemynet al.,2017). Seawater
interacted with, and altered the dykes, producing a fluid enriched in Fe + Mg, which subsequently

created favourable kinetic conditions for dolomitization local to dyBlesnmeet al.,2017).

In the Levant region (Jusas, Lebanon), hydrothermal dolomitizationy $0-80°C) was associated
with Late Jurassic volcaniswhich created alocaly high geothermal gradientoptimizing the
thermodynamic potential anthcilitatingdolomitization(Nader, Swennen, and Ellam 200)is was
further amplified by the increased permeability through fracture fiblader, Swennen, and Ellam
2004)

Both of these scenarios, and the model proposed here for the Derbyshire Platform invoke geothermal
convection as the result of rAftssociated eicanism. Fluids are seen to exploit the same fault system
as the previously emplaced volcanics, and the resultant increased geothermal gradient local to the
volcanics optimized the kinetics for dolomitization. In the Levant region, this increased gebtherm
gradient was enough to make dolomitization kinetically favouréier, Swennen, and Ellam
2004) However on the Latemar Platfor(Blommeet al., 2017, and the Derbyshire Platform,
interaction of these convecting fluids with the intrusive volcanics was key to facilitating

dolomitization.

What makes the Derbyshire Platform unique in comparison to the other two settings is thayguanti
of dolostone formed in association with volcanism (estimate2lGiE+08n3). This is most likely the
result of widespread facientrolled fluid convection on the platform margin, driven by the
emplacement of sills during the early po§t Asrift-related volcanism is described in various other

rift settings (e.g. Hollist al., 2017), this mechanism of dolomitization through volcaniedtyen
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geothermal convection, and most importantly, interaction of fluids with intrusive voloawaiking
dolomitization kinetically favourable, may provide a drive for doloridizan other extensional
basins This in turn could explain anomalously large volumes of dolostone, wherelbaged fluids

alone cannot supply sufficient Kig

4.8 Conclusions

Ddomitization of the Derbyshire Platform is seen to be a rpbltise event, with the earke
dolostone phase, D1, accountifay approximately 6% of the total dolostone volume. This phase is
stratabound and facies controlled, foumdthin platform marginfacies, andn association with the
extrusive volcanics around the Masson Hill igneous cebDimmitization is fabric retentive and
coarse crystalline, composed of bgfey, clean planag crystals. It is croszut by stylolites, and
primary fluid inclgions are predominantly monophase, indicating formation at <a8@flrial and at

temperatures <50°C.

Geochemical evidence points towards dolomitization from a fluid with a mixed meteaviater
composition in the early posift phase, with fluid cirdation controlled by NWSE and &V faults that
were active during the syrift phase The dolomitizindluids interacted withearly postrift degassing
intrusive volcanics. ligration of these volcanicsnay have released minor amounts of magnesium
which ma havecontributed to dolomitization. fecipitation of calcite within the lavas reduced ithe
porosity, leading them to become barriers to later fluid flow during burial diagenehis late post

rift phase and preserving this early formed dolostone

This previously undescribed form of dolomitization tlgbumixed seawatemeteoric geothermal
fluids that interacted with intrusive volcanicas the potential to remove some of the uncertainty as
to the source of magnesium for dolostone bodies within rdsibs as it is often difficult to
unequivocally identify the source of fluids and?Mg explain the irplace volumes of fauttontrolled

dolomitization.
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5.1 Abstract

The Derbyshire Platform isMississippian rimmed shelf, the westernmost expression of the East
Midlands Platfan. On the SE platform margirgk®? of Visea limestones have been dolomitized
forming two major bodiealongmajor NW¢ SE trending basement lineaments aaxtrusive volanic

beds The bodyon the southern margin on the Derbyshire Platfasnone of several discrete, fault
fracture controlled dolstonebodies that occur on Mississippian platform margins across the Pennine
Basin and North WaleBolomitizationis known to pedate minerdisation but uncertainty lies as to

why thedolomitizationis localisedThis study uses outcrop, petrography, geochemistry and isotopic
analysis tdoetter constrain the timing and mechanism twlomitization onthe southern margin of

the Missisgppian Derbyshire Platform.Field relationships demonstratault-fracture controlled
dolomitization is multphase (DZ; D5) and constrained to fault damage zones of major sstige
faults. Fluids for dolomitization were sourced from the surrounding basitiated after the main
phase of porosity occluding calcite cementation onDeebyshire Platform, and terminating prior to

the main phase of mineralisatioResults from this study demonstrate that striitip crustal faults

were reactivated during basin inversion at the onset of the Variscan Orogeny, leading to the
localisation ofthe dolostone on the platform. Fluid supply was episodic, as these faults were
reactivated through the ongoing compressive regime, leading to several discrete phases of
dolomitization that became increasingly confined to fractu@sochemical and isotapianalysis
show that low fluigrock ratios resulted in rock buffering of dolostone isotopic signatures. Timing of
dolomitization is interpreted to be a Carboniferous event, with later mineralisation also being of late
Carboniferous in ag&his study demasiratesthe complex interplapetween basin kinematichost

rock permeability and timing of fluid supply through episodic fault reactivation, connecting platforms
to basin compartments, which ultimately controlled the positioningdaibstone geobodies on
platform marginsDolomitization is seen to provide a record of fluid flow during the transition from

thermal subsidence to posift basin inversionThis has implications to the exploration of both
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minerals and hydrocarbon within dolostorimsts, and Wi inform studies of fluid transfer and

reaction on carbonate platforms within the burial realm.

5.2 Introduction

In the Pennine Basin and North Wales, UK, -tautrolled dolostone bodies are developed on the
margins of Mississippian carbonate platfotimest grew on the rotated footwalls of normal faults and

a basement of Lower Palaeozoic metasediments (Fig.1) (Schofield & Adams, 1986; Gawthorpe, 1987;
Fowles, 198;7Ford, 2002 Hollis & Walkden, 200Bouch et al, 2004iollis & Walkden, 2012; Frazer

et d, 2014; Frazer, 2014 Juergeset al, 2019. These bodies are associated with deseated
Caledonian faults which were reactivated during carboniferous rifting and controlled the geometry of
the platform marginsThesedolostone geobodiebave been welstudied, but there are different
mechanisms proposed for their formation, and there is still uncertainty as to the mass balance
(Schofield & Adams, 1986; Gawthorpe, 1987; Fowles,; 1B&d, 2002 Hollis & Walkden, 2002
Bouch et al, 2004Hollis & Walkden2012; Frazer et al, 201#razer, 2014Juergeset al, 2016.
Dolostone is also observed within basinal sediments (Gawthorpe, 1987) and within early rift
sediments (Cope, 1973; Dunham, 1973; Chisolm & Butcher, ABBdnhead et al, 198%;hisholm,

etd, 1988).

The Derbyshire platform hosts the largest volume of dolostone at <5@krd, 2002) compared to
~8knt on the North Wales Platform (Juerges et al, 2016) and ~26knthe Askrigg Platform and
Craven Basin (Hollis & Walkden 2012). Despite ugeolhowever, there is still a lack of consensus
as to the mechanism by which it formed. Fowles (1987) propdskunitizationby downward
seeping brines in the Permuiassic whilst Ford (2002), Hollis and Walkden (2012) and Frazer et al
(2014), proposeddolomitization at least in part, from basinal brines expelled from juxtaposed
hanging wall basins. Similar models have been proposed for other plat@awshbrpe, 1987;
Bouch et § 2004; Juerges et al, 201@). all casesgolomitizationappears to be associated with

major basement fault zones.

The anomalously large size of the dolostone geobody on the Derbyshire Platform is thought to be
partly the result of an early posftt phase of dolomitization through geothermal convection drivgn

active volcanism (Breislin et al, Chapter 4). Volcanism during rifting and eadlift f®sinly seen on

the Derbyshire Platform (Macdonald et al., 1984). This early dolostone was facies controlled, and is
concentrated at the platform margin and issaciation with intraformational volcanics (Breislin et al,
Chapter 4). Croszutting relationships identify 4 later phases of fauhtrolled dolomitization on the
Derbyshire Platform (Breislin et al, Chapter 4).
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This paper examines the geometry of th@ostonebody on the Derbyshire platforrthe controls on
its distribution,and assesse$¢ field and petrographical evidence for the timindanflt-controlled,
late postrift burial dolomitizationthrough a systematic field, borehole and petrographic analysis.
Relationships aflolomitizationto faults and fractures, as well as hydrocarbon charge and later MVT

style mineralisation will be discussed.

Through this study, an understanding of the impact of early formed dolostone on subsequent fault
controlled dolomitization is assessed, as wslimultiphase dolomitization derived from evolving
basinal fluids supplied to the platform as a result of an evolving stress field during basin burial and

inversion.

5.3 Geological Setting

This paper focuses on the characterisatiora gfervasively doloitized area of Visean (Asbian and
Brigantian) Limestonen the Southern margin of the Derbyshilatform (Fig.2). Across the Pennine
Basin,pre-existing Caledonian trending {88V, S\WNE faultswere reactivatedduring the Visean
resulting in structural dérentiation with shallow water carbonate platform growth on footwall highs
and deeper water carbonate and clastic sedimentation in hanging wall fasassr & Gawthorpe,

2003)
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Fig.2:A) Geological map of the Derbyshire Platform. Sample locdlitis=hioles and mine/caves are
identified on the map; Black circles represent localities, Grey squares represent boreholes and yellow
stars represent mines/cave®) Lithostratigraphy after Fraser and Gawthorpe (2003) with Visean
lithology (EGECG6) and digbution of dolostone

During the early Visean (Arundian), platform carbonates were deposited in a gently sloping carbonate
ramp with varying water depths. Mudounds (knoll reefs) composed of microbial framework lime
muds, formed in water depths up to 280Bridges & Chapman, 1988his deeper water succession
passes laterally and gradationally through the Holkarian into shallower water limestones, with the
development of peritidal and restricted lagoonal environments forming the Woo Dale Limestone
Formaton (Schofield & Adams 1985). By Asbian times there was a clear differentiation between a
shelf area, fringed by apreeefs, and an oféhelf area where ramp carbonates are overlain by
basinal deposits of the Craven Group. The shelf area includes tren A3l Low Limestone
Formation and the Brigantian Monsal Dale Limestone and Eyam Limestone formati@hsTiiég
boundary between the Asbian and overlying Brigantian limestones is marked by a karstic surface,
identifiable across the platformMalkden, 190). As well as palaeosols, it can also contain ash and
lava flows proximal to the igneous centr&€e¢il & Garnet 1923. In the offshelf area, there is an
Asbiamg Brigantian succession of carbonate turbidites, which show an upward transition from
limegone-dominated (Ecton Limestone Formation) passing up into deeper water mudstones with

limestone and sandstone turbidites (Widmerpool Formatio®tension waned during the
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Serpukhovianleading to postift sag subsidenceCpllinson 1988; Guion and Fialglil988 Leeder,
1988), and initiation of the Variscan Orogerfhis resulted indsininversion by reactivation of NW

SE trendingtrike-slipfaults (Fraser & Gawthorpe, 2003).

5.3.1 Burial History

Burial history curves have been constructed for\fidmerpool basin based oritrinite reflectance
data and maturity parameters (Leeder & McMahon 1988; Coleetaal. 1989; Russell 1992)he
Widmerpool Basin and Staffordshire Basin that surrabedDerbyshire Platform reached rii@mum
burial depths of apximately 3km in the BashkeridWloskovian, at a proposed geothermal gradient
of 30~ km' (Coleman et al. 1989; Ragdl 1992 (Fig.3. Ths implies that the Serpukhovi@ashkerian
shaleswithin thesebasins wee only undergoing thermal deadoxylation andhermal maturation

prior to and during maximutourial (Fig.3).

N “e\’i
1km- 2 : a0 50°C
o “
2 2 Base Namurian Basin
2km- E ) Increasin
o . Sing ing 100°C
ak ineralisation
m -
akm Onset Variscan Compression 150°C

Fig3 Burial history of th®erbyshire Platform and surrounding basins, after Coleman et al. 1989

maximum burial depths of approximately 3kmre reachedh the Bashkeriaivioskovian

5.3.2Dolomitization

Dolomitizationon the Derbyshire platform occurs principally in two localities, within Asbian and
Brigantian (Visean) limestone, forming rstratabound sukbodies bounded by NVSE orientated
crustal faults (Fig.2). In nearly all caskdomitizationhas adiffuse,irregular lower contact, which is
rarely seen, approximately 40m (up to 130m) beneath the Addig@antian boundary and
terminates on its upper surface against the BrigarBarmpukhovian boundary (Ford, 2002). On the
South Eastf the platform,dolomitizationis associated with extrusive and intraformational volcanics,

concentrated between the Upper and Lower Matlock lavas (Breislin et al, Chapter 4).
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Phase Distribution Morphology Structural Relationships Volume of Total Dolostone

D1 Stratabound Replacive E-W 50%
D2 Non-Stratabound Replacive NW-SE 40%
D3 Non-Stratabound Replacive N-S <10%
D4 Non-Stratabound Cement NW-SE, N-S, NE-SW <5%
D5 Non-Stratabound Cement NW-SE, N-S, NE-SW <5%

Table 15 dolostone phases identified on the Derbyshire platformshamdstructural relationships
from Breislin et al, Chapter 4

Dolomitization on the Derbyshipre-dates calcitebarite-galenafluorite mineraliation (Breislin et al,
Chapter 4; Frazer, 2014). 5 discrete phases of dolomitization have been identifiedL{ {Bleislin et

al, Chapter 4), with an early pagt phase of dolomitization (D1), forming through geothermal
convection of altered seawater driven by the active volcanism (Breislin et al, Chapter 4). The
distribution of this dolostone was facies tmfled, preferentially occurring within platform margin
facies, forming halos alongVE orientated faults, and in proximity to volcanism in the Masson Hill
volcanic centre (Breislin et al, Chapter 4). Later dolostone phase$ B invoked to occur dag

deep burial diagenesis, are the subject of this pdidelis & Walkden, 201 Erazer, 2014Breislin et

al, Chapter 4).

Another phase of dolomitization on the Derbyshire Platform is the Woo Dalst@us. The Woo

Dale Dajstones occur in the lowepart of the Woo Dale Limestone Formation and are laterally
restricted (< 5 kn), outcropping exclusively within the Wye Valley inlierdfssld & Adams, 1986)
Thedolomitizedlimestones occur as laterally continuous beds and irregular-catisg dolstone

bodies. These may transition to dolostones either abruptly at bedding planes or gradationally, as
dolomite rhombs coalesce into mosaics (Schofield & Adams). I3@6stone beds vary in structure

from massive, rubbly or finely bedded, though intesedimentary structures and fossils are absent
(Schofield & dams, 1986) andonsist of tightinterlocking dolomite crystals of <0.5mm. Correlation
was conducted with a nearby borehole, indicating that dolostones also become more abundant with
depth (Schoéld & Adams, 1986).

Early models suggested penecontemporanedabmitization (Ford, 1977) related to deposition
within a hypersaline lagoon (Llewelyn & Stabbins, 1970). A later interpretation by Schofield & Adams
(1986) suggests a twaiage, twefluid-chemistry dolomitization model: Stage 1 dodtones
precipitated from fluids poor indn and manganese, sourced fromasinal shales bounding the
Derbyshire Platform. The fluid drive proposed is derived from Basialel compaction, supported by

the outcrop bcation near to the platform margin. Stage two occurs by interaction with fluids enriched
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with iron and manganese, suggesting a different fluid source or an evolved Basin fluid. Volcanic rock

interaction may have also enriched these elements.

5.3.3Hydracarbors & Mineralisation

Only minor quantities of hydrocarbon were identified in the field area, with hydrocarbon inclusions
are common within calcite cements as well as bitumen (Hollis, 1998). Fractures hosting fluorite,
barite, calcite and galena mindsgtion (MVIstyle mineralisation) areeen tocrosscut andpost

date dolomitization (Ford, 2001; Breislin et al, ChapteMiheralisation is concentrated at the top of

the limestones stratigraphically, as well as at the boundary between dolostongnastbhe(Ford,

2001)

5.3.4Diagenetic Framework

The Visean succession of the Derbyshire Platform displays a complex, fconstedined diagenetic
history, from syrsedimentary to latdurial cementation (Gutteridge, 1987, 1991; Walkden &
Williams, 1991; Hollis, 1998; Hollis & Walkden, 2002). Four major phases of calcite cementation
(Zones 14) have been described byalkden and Williams1991), which precipitated within
carbonate pore spaces and fractures. Zones 1 and 2 are the resudit@dric phreaticdiagenesis,

Zone 3is the major pore filling phase, volumetrically and is interpreted to have precipitated in the
shallow burial realm from fluids which were driven down depositional dip by topographic flow
(Walkden and Williams, 1991Jone 4 cements are the final pore filling phase and have been
subdivided into a number of subtypes within fractutdsllis 1998 Hollis & Walkde 996 & 2002).

These Zone 4 cements are interpreted to hav@meipitated with fluorite, sulphates and ghldes

that are mined within the region and hydrocarbon (Hollis and Walkden, 2002). These Zone 3 and 4

cements were further subdivided into six cement zones by Hollis (1998), as seen in table 2.

Zone 3A4D cements most commonly occur as vein cements wighilh zones and fracture systems

on predominantly extensional NBV and NWEBE trends. These cements are commonly arosgy
stylolites, suggesting that pressure dissolution proceeded throughout burial cementation (Hollis &
Walkden, 1996 & 2002). Fluaitand baryte intergrowths occur in zones @BB, they are also
associated with liquid hydrocarbon and solid bitumen deposits with abundant hydrocarbon inclusions

(Hollis& Walkden, 1996 & 2002).
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Homogenisatiol d18Owatel

Calcite Cemen CL 3 10°d"Cypos 10°d®0 s Temperature {C) Fluid Salinity 0::

Zone 1 NonCL codn (2 ¢modmpdec (2 ¢cody

Zone 2 Bright

Zone 3A Dull Brown 2.3(0.7 to 3.70) ¢MA®o 6 ¢ MHDG7.3(3B.6tp 80BK n (6.8 (0.75 to 13) GH!

Zone 3B Dull Brown MOM 6¢odn RO dDMOMN & 106 (82.2¢orl2BYy 04.4 (0.17 to 18.1) 6

Zone 4A Dull Orange nen 6¢cHon dedw daop dy (1B (12440053) (16.4 (14.3t0 17.4) 11

Zone 4B Dull Brown-Orange, -, 5,3 3) ®p O0cChdP @7 (148p0R0Y 07.7 (0.16 to 22.2) 115
Concentric Zonation T ' Cyep < o T ' '

Zone 4C Bright Orange 2.3(0.7t0 2.9) CTdp O6¢hdp {68 (117 t0@AT)N 09.4 (0.66 to 23.1) 12

Zone 4D Bright Orange MOM OCNndT &KZF PPPYEL TPy (2 ¢cdpo

Table 2Subdivisions of calcite cemenhnes as described by Hollis (1998).

From one 3C onwards intergrowths of ore minerals galena and sphalerite occur. Fluid inclusion
homogenisation temperatures can be seen to generally increase through the cements succession to a
maximum of 176°C in ZoneB4(Hollis & Walkden, 1996 & 2002). The lowest homogenisation
temperatures measured occurred at the platform centre, with highest temperatures measured at
marginal locations as well as a wider range in temperatures (Hollis & Walkden, 1996 & 2002). No such
systematic pattern is identified within stable isotopes through time, however they vary spatially, with
0KS Y2aid =R SHLIECaSIRed i Zone 3B cements on the platform and western margin.
¢CKS Y2aid =fyINKR&&RKRockr in the ZoAdA of the southern margin and the Zone 3B

of the platform centre (Hollis & Walkden, 1996 & 2002).

5.4 Methods

34 autcrops andl3 bore holes within théAshianto Brigantian succession of the Derbyshire Platform
were investigated byedimentological loggingf outcrops and corewith detailed petrographic
analysis of thin sections. Each locality was sampled systematically to cover the stratigraphy and range
of lithofacies. The core was logged for macroscopically visible textural (grainsize), compositional
changes, sedimentary featureskeletalcontent and diagenetic features. A total of 118 polished thin
sections were prepared from resmpregnated subsamples. Cross secti@fig.2)were constructed

using borehole data from the British Geological Surveyran@roundhog software suite.

All thin sections were examined using optical transmitted light and cdtimd®scence(CL)

microscopy. All thin sections were scanned using an EPSON Perfection V600 Photo at 2400dpi
resolution. Optical microscopy was unadatn using a Nikon Eclipse LV100NPOL microscope fitted
with a Nikon DEAH OF YSNI & /[ 20a4SNBIGA2ya ¢8NRBRQYRRS Oz
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cathobluminescence systengpupled with a Progress C10 Laser Optik digital photographic system.
Operatingconditions for CL were set to 10 kV and 300uA at a pressure of ¢. 0.2torr and maintained by

microcomputer control.

XRD was conducted on powdered sammesuired using a precision drill for analysis. These were
then prepared following the methodology of (Charéieal.,2006). The analysis was carried out using
a Bruker D&\dvance diffractometer within the University of Manchester. A tube voltage of 40ckV

a tube current of 40 mA, with a step size of 0.02° and time constant of 2.00 s was emplaygd, us
copper k alpha 1 radiatiolsemiquantitative estimations of bulk mineralogy fractions were carried

out using peak area measurements (sensu Schult2)196

ICRMS analysis was conducted oowmlered samples of hosbck limestone, bulklolostoneand

individual cement zonesThesewere digested in 2ml of 20% HCI before dilution to 2% HCI. In
addition, two blank samples were prepared in the same way foodepibility. Corresponding

samples were drilled from hand specimens and their purity checked where necessary by XRD
0§SOKYyAldzSad w99Q{ I|yR , 02y-NSyit bd Agilerz y50cxwnmdsS Y S|
spectrometer. Samples were run against intéraa i Yy RF NRa | YR NBLINE RdzOA o A
samples are reported in mg/l or ug/l (ppm or ppb). All REE results have been PAAS normalised

following the methods of Nance & Taylor (1976).

Porosity measurements were made using a Ré¥I#R100 DigitaHelium Porosimeter. Core plugs

GSNBE MPnQQ AY RAIFYSGSNI FYR NIYy3aISR FTNRY HopQQ (2
were used in different combinations to produce a linear regression analysis in order to assess the
pressure ratio at ffierent volumes. Permeability measurements were made using a REGR

200 Digital Gas Permeameter. This system has a permeability range of QI0B@nd was used to

measure single point gas permeability. Nitrogen gas inflow is controlled by eithedla valve or by

pass valve dependent on the permeability of the samples (Taylor, 2013).

Stable isotope analysis was conducted on powdered samples of doloktoestone, brachiopods

and discrete cement phases, acquired using a tunggiped dentistdrill. Samples of calcite were

reacted (to completion) with phosphoric acid under vacuum, at temperatures of 250C (sensu McCrea,
1950). Gases were measured by dabdt, stable isotope ratio mass spectrometry using a VG SIRA10

mass spectrometer. Isotopatios were corrected for 170 effects following the procedures of Craig

(1957). Oxygen isotope data were adjusted for isotopic fractionation associated with the calcite
LIK2ALK2NAO | OAR NBIFOGA2Y dzaAy3a | FNIOAWRy Il GA2Y
{FYLX S& 6SNB NHzy F3FAyad Ly AyaSNylrt adlyRFENR |

data is reported relative to the VPDB standard.
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Strontium isotopic analysis was conducted owgered whole rock andiscrete dolostone cements

obtained using a tungstetipped micremill following the methodology of Charlier et al. (2006) and
Pollington & Baxter (2011). Sample purity was checked where necessary by XRD. Sr (Oak Ridge 84Sr,
1.1593ppm) and Rb spikes were added to each sample to boosigtied. Strontium was extracted

from the rock powders for isotopic analysis using Sr Spec extraction chromatographic resin. Column
preparation and chemical separation were conducted following the methodology of Deniel & Pin
(2001) and Charlier et al. (Z)0 Prior to analysis the Sr samples were mixed with Tantalum (Ta)
emitter solution, loaded on to single Rhenium (Re) filaments and subjected to a 2A current. Sr isotope
ratios were measured on the British Geological Survey (NIGL) TFhRemgan Triton ™MS

instrument in static collection mode. An internal NBS 987 standard was used for calibration with a
NELINE RdzOA6Af AGE 2F bnom:n o6H 0 5dz2NAYy3I ¢La{ FylI
unspiked samples. However, the results of spiked sanmgleded to be corrected, dffie, for spike

contribution usitg standard techniqued\ll results are reported to the NBS 987 standard.

Fluid inclusion microthermometry wasrded out on selected dolomite and calcispecinens,

extendingthe initial caldie cement data set for the Derbyshire Platform collected by Hollis & Walkden

(2012. Analysisvas conducted on hinkham TH608eatingfreezing stage, controlled by Link3gs

software and a Linkam TP93 programnfier. YLJX S& ¢ SNB LINEB LIpoidhéd waférs. mp n > )
Care was taken to analyse primary or pseseoondary inclusions based on careful petrography,

including distribution within crystals and consistent size and liquid: vapour ratios (Goldstein &
Reynolds, 1994 omogenization temperatures (Thhd last ice melting tempetares (Tm) are
reproducible to +2°C and £0C, respectively. No pressure corrections were made to Th data,

because it was not possible to unambiguously determine burial depth at the time(s) of precipitation.

5.5 Results

5.5.1Distribution of Dolostone: Structural and Stratigraphic Relations

The size and volume of thimlomitizedlimestone was investigated through field mapping and core
logging.On a regional scalelolomitizationoccurs principally in two localities within Asbiand
Brigantian limestone, forming two neatratabound sudbodies (Figh). Three main facies types are
seen to bedolomitized grainstones and packstes withinplatform marginfacies,wackestoes and

mudstones withirplatform interiorfacies, and mixedarbonatésiliciclasic within the slopdacies
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Fig4 Distribution of dolostone
on the southern margin of the
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highlighting facies distribution
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10 km

The Southern geobody is located on the platform marfis dolostone body is formed from the
early postrift phase of dolomitization, D1 (Breisk al., Chapter 4) (Fig.4Ratches of dolostone
within the carbonate dominated slope are noted on the geological map, however no large geobody is
formed there.Dolomitizedgrainstones and packstones are located on the southern margin of the
platform and around the Matlock Bath ar@&g4). Dolomitizationis pervasive and fabric destructive,

with a coarse sucgsic and bufiyellow colour Wheredolomitizationis incomplete, the micritic matrix

is preferentially replaced, with larger calcite allocheemsaining mostly unaltered (F&y. Dolostone

fronts within platform margin facies are diffugég.6) with patchydolomitizationoccurring up to 3m

away from the main dolostone geobody.

The Northern geobody is located within the platform interior, approximately 2km north of the
southemn platform margin, and bound by the N®& trending CronksteBonsall Fault. This large fault

is approximately 20km in length, is slightly sinuous, and is sometimes compound, with multiple
parallel fractures forming a damage zone around the fault whicresaingthickness from 200m wide

in the North West , to over 3km wide in the South East. Dolostone is closely associated with the fault

in the North West, forming a halo up to 200m thick on the downthrow side, within the fault damage
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zone (Fidp). In the Eastowards Matlock, the dolostone body extends further away from this major
crustal fault underneath the Late Carboniferous cover (Figtd)he Western termination of the
dolostone body, at Parsley Hay, the faudhtrolled nature of this geobody becom&ear. Dolostone

is observed forming halos along M8# and NEW orientated faults within the Bee Low limestone.
These faults form the fracture halo to the CronksBuomsall fault, and extend approximately 100m
away from the main fault. Dolomitization fecies controlled, with more extensive dolomitization
observed within clapoor facies. Dolostone halos within the efeh limestone are less extensive,

and are often seen to expand underneath bedding horizons (Fig.5). Within the clay poor facies, the
dolostone extends out within the bedding. All of the dolostone shows extensive fracturing. Later
mineralisation is observed along the same faults as the dolostone, forming within cavities and

associated with extensive dedolomitization (Fig.5).

Low clay content

> ,, Direction?
: ﬁ%\/\

/ \l-'orldu Structures

Flow
Direction?

Bedding

High clay content
Low clay content

Fig5 Dolostone front at the Eastern termination of the Northern dolostone geobody at Parsley Hay:
Dolastore front displaying fractureontrolleddolomitization& facies control on distribution. Low clay
facies preferentiallglolomitized with ¥shaped structure possibly indicating fluid direction

Dolostone reaction fronts in the West of this geobody are sharp, formed within platform interior
facies, whilst in the East, dolostone fronts become more diffuse within the platform margin facies in
Matlock. The limesihes dolomitized are composed of Asbian and Briganfime grained

wackestones and mudstones
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